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PREFACE 

T h i s   r e p o r t   r e v i e w s   t h e   b l a d e   s l a p   i n v e s t i g a t i o n   c a r r i e d   o u t   i n   c o n n e c t i o n  
w i t h   t h e  N.A.S.A. H e l i c o p t e r   N o i s e   C o n t r a c t .   A l t h o u g h  it i s  a p p r e c i a t e d  
t h a t  many o f   t h e   p r o b l e m s   d i s c u s s e d   i n   t h i s   r e p o r t   a r e   u n a n s w e r e d ,   t h i s  
a c c o u n t  o f  t h e   i n v e s t i g a t i o n   a - t t e m p t s   t o   o u t l i n e   t h e   p r e s e n t   s t a t e  of  t h e  
a r t  a s  r e g a r d s   t h e   u n d e r s t a n d i n g   a n d   i n t e r p r e t a t i o n  of t h e   v a r i o u s   a s p e c t s  
of  b l a d e   s l a p .  

The e x p e r i m e n t a l   r e s u l t s   o b t a i n e d d u r i n g   t h e   i n v e s t i g a t i o n   a r e   n o t  
i n c l u d e d   i n   t h i s   r e p o r t   s i n c e   t h e y  w i l l  be t h e   s u b j e c t   o f  a s e p a r a t e   r e p o r t  
t o   b e   i s s u e d   i n   t h e   n e a r   f u t u r e .  

S i m i l a r   r e p o r t s  on t h e   o t h e r   a s p e c t s   o f   h e l i c o p t e r   n o i s e   a r e   b e i n g  
p r e p a r e d   a n d   t h e s e  w i l l  b e   i s s u e d   d u r i n g   t h e   n e x t  s i x  months.  



HELICOPTER  NOISE - BLADE SLAP 

PART 1: REVIEW AND THEORETICAL  STUDY 

by  John W. Lever ton  
I n s t i t u t e   o f   S o u n d   a n d   V i b r a t i o n   R e s e a r c h  

Univers i ty   o f   Sou- thampton ,   England  

'This r e p o r t   r e v i e w s   p r e v i o u s  work  on t h e   t o p i c   o f   b l a d e   s l a p   a n d   t h e  
va r ious   mechan i sms   fo r  i t s  g e n e r a t i o n .  I t  i s  c o n c l u d e d   t h a t   b l a d e l t i p  
v o r t e x   i n t e r a c t i o n  i s  t h e   m o s t   l i k e l y   n o i s e   p r o d u c i n g   m e c h a n i s m .  A 
t h e o r e t i c a l   a p p r o a c h   t o   t h e   p r o b l e m   l s a d i n g   t o   t h e   d e v e l o p m e n t   o f  a b l a d e  
s l a p   f a c t o r   ( B S F ) ,   w h i c h  w i l l  g i v e   a n   i n d i c a t i o n   o f   t h e   s e v e r i t y   o f   b l a d e  
s l a p   l i k e l y  o n   a n y   h e l i c o p t e r ,  i s  a l s o   i n c l u d e d .  A comparison  between 
some s u b j e c t i v e   a s s e s s m e n t s   o f   t h e   b l a d e   s l a p   n o i s e   a n d   t h e  E? i s  a l s o  
g i v e n .  

1 I NTRODUC'I'ION 

B l a d e   s l a p  i s  t h e   c o l l o q u i a l i s m   w h i c h   h a s   b e e n   a p p l i e d   t o   t h e   s h a r p  
c r a c k i n g   s o u n d   a s s o c i a t e d   w i t h   h e l i c o p t e r   r o t o r s .   A l t h o u g h   t h e   t e r m  
' b l a d e   s l a p '   d e n o t e s   t h i s   o n e   t y p e  of  n a i s e ,  i t  v a r i e s   c o n s i d e r a b l y   i n  
i n t e n s i t y   a n d   q u a l i t y   w i t h   t h e   t y p e  o f  h e l i c o p t e r   a n d   f l i g h t   c o n d i t i o n .  

When b l a d e   s l a p   o c c u r s ,   n o t  on1.y i s  i t  p redominan t   ove r   any   o the r  
r o t o r - c r a f t   n o i s e ,   b u t   b e c a - J s e   o f  i t s  c h a r a c t e r i s t i c s  i t  i s  m o s t   o b j e c t -  
i onab le .   The   deg ree  of  anno-fance  from i t  h a s  grown w i t h   t h e   i n c r e a s e   i n  
s i z e   a n d   a l l  up   weight  (A.U.W.) o f   s i n g l e   r o t o r   h e l i c o p t e r s   a n d   t h e  
deve lopment   o f  LArge tandem r o t o r   h e l i c o p t e r s .  The imp3rtance  and  need 
f o r   a n   u n d e r s t a n d i n g   o f   t h i s  phenomenon  has  been f u r t h e r   i n c r e a s e d  by t h e  
i n t r o d u c t i o n   i n t o   s e r v i c e  of  a number  of h s l i c o p t e r s   w h i c h   p r o d u c e   b l a d e  
s l a p   i n   p r a c t i c a l l y   a l l   f l i g h t   r e g i m e s .   A l s o   i n   t h e   p r e s e n t   g e n e r a t i o n  
o f   h e l i c o p t e r s   t h e   n o i s y   p i s t o n   s n g i n e s   h a v e   b e e n   r e p l a c e d   b y   q u i e t e r  
t u r b i n e   e n g i n e s ,   w i t h   t h e   r e s u l t   t h a t   n o t   o n l y k   b l a d e   s l a p   t h e   f i r s t  
n o i s e   h e a r d ,   b u t  it p o s i t i v e l y   i d e n t i f i e s   t h e   a p p r o a c h i n g   a i r c r a f t   a s  a 
h e l i c o p t e r .   T h i s   n o i s e   p r o b l e m   h a s   m a n i f e s t e d   i t s e l f   i n t e r n a l l y   a s  well 
a s   e x t e r n a l l y ,   a n d  i s  o f   i m p o r t a n c e   b o t h   m i l i t a r i l y   a n d   c o m m e r c i a l l y .  
I n   m i l i t a r y   o p e r a t i o n s  it r u l e s   o u t   t h c   p o s s i b i l i t y   o f  a s u r p r i s e   a t t a c k  
and   causes   men ta l   f a t igue   t o   t he   c r ew  and   comba t   t roops .   Commerc ia l ly ,  
i n t e r - c i t y   o p e r a t o r s   h a v e   b e e n   f o r c e d  t o  m o d i f y   t h e i r   f l i g h t   p a t h s   t o  
a v o i d   s u b j e c t i n g '   r e s i d e n t i a l   a r e a s   t o   t h e s e   h i g h   n o i s e   l e v e l s  (1).  I n  
a d d i t i o n  it adds   t o   pas senge r   app rehens ion   and   annoyance .  
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change  from a r i g i d  body to p D t e n t i a 1  f low 
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2 REVIEW OF PREVIOUS WORK 

Although a l a r g e  number of papers   have   been   publ i shed  on h e l i c o p t e r   a n d  
r o t o r   n o i s e ,   u n t i l   r e c e n t l y   t h e r e  was on ly   one   pape r  ( 2 )  w h i c h   t r e a t e d   t h e  
s u b j e c t  i n  a n y   d e t a i l .  Many a u t h o r s  (3,4,5,6) a g r e e ,   h o w e v e r ,   t h a t  "when 
i t  OCCU;PS" b l a d e   s l a p  i s  t h e   l o u d e s t   t y p e  of r o t o r   n o i s e .  

by 
H* 

A l a r g e   s e c t i o n   o f  a r e p o r t   o f   S i k o r s k y ' s   w o r k ,   i s s u e d  i n  Oztober  1966 
US4AVLABS (10) was c o n c e n t r a t e d  on b l a d e   s l a p , a n d   m o r e   r e c e n t l y  
S - t e r n f e l d   o f   B o e i n g / V e r t o l   p r e s e n t d  a p a p e r  (11) s o l e l y   c o n n e c t e d  w i t h  

t h e   p r a c t i c a l   a s p e c t s  of t h e   b l a d e   s l a p .  To da te ,   however ,   t he   on ly  
a t t e m p t   a t  a q u a n t i t a t i v e   s t u d y  of t he   p rob lem  appea r s   t o   have   been   t he  
p a p e r s   p u b l i s h e d  by F.W. T a y l o r   a n d   t h e   a u t h o r  (12,13). Bell  ( 2 )  showed, 
u s i n g   t h e i r  two b laded  HU-1A h e l i c o p t e r ,   t h a t  on a na r row  band   ana lys i s  
b l a d e   s l a p   c a u s e d   a n   i n c r e a s e  i n  p r e s s u r e   s p e c t r u m   l e v e l   o l r e r  a f r equency  
r ange   o f  20-1030 Hz, w i t h   t h e  maximuh i n t e n s i t y   a r o u n d  200 Hz. They a l s o  
showed t h a t  when b l a d e   s l a p   o c c u r r e d   t h e r e  was a n   i n c r e a s e   i n   t h e  mod!lla,ttion 
d e p t h  of  t h e   n o i s e   i n   t h e   a u d i o   r a n g e   a t   t h e   b l a d e   p a s s i n g   f r e q u e n c y .  The 
p a p e r   d e a l t   w i t h   b o t h   s i n g l e   a n d   t a n d e m   r o t o r   h e l i c o p t e r s   a n d   t h e   a u . t h o r s  
e x p r e s s e d   t h e   v i e w  t h a t  t h e r e  were two  mechanisms € o r  i t s  g e n e r a t i o n .  A t  
low s p e e d s ,   t h e y   t h o u g h t   t h a t   t h e   n o i s e  was caused   by   t he   r ap id   change  i n  
a n g l e   o f   a t t a c k   o f   t h e   b l a d e   a s  i t  e n c o u n t e r e d   t h e  wake of a p r e v i o u s   b l a d e ;  
w h i l e   a t   h i g h   s p e e d  it was c o n s i d e r e d   t h a t  it was  more l i k e l y  prodl-lced b'y 
loca l   shock   waves  on t h e   a d v a n c i n g   b l a d e .   B e l l , h o w e v e r ,   f r e e l y   a d m i t t e d  
. t h a t   t h e r e  were s t i l l  many unanswered   ques t ions   and  a l a c k   o f  a b a s i c  
u n d e r s t a n d i n g   o f   t h e   o r i g i n s  of t h e   n o i s e .   T h e i r  comments a g r e e   i n  
g e n e r a l   w i t h   t h o s e   o b t a i n e d   d u r i n g   t h e   i n v e s t i g a t i o n   c o n d u c t e d   b y   t h e  
a u t h o r .  

A pape r  by  Davidson  and  Hargest ( 5 )  s t a t e d   t h a t   b l a d e   s l a p   d i d   n o t   a d d  
t o   t h e   d i s t u r b a n c e  o r  annoyance   va lue  of a h e l i c o p t e r .   T h i s  i s  i n  d i r e c t  
c o n f l i c t   w i t h   t h e   v i e w s   e x p r e s s e d  i n  t h e   m a j o r i t y   o f   o t h e r   p a p e r s   a n d   t h e  
a u t h o r ' s   o b s e r v a t i o n s .  I t  c a n   o n l y   b e   a s s u m e d   t h a t   t h e s e  comments were 
based on i n f o r m a t i o n   d e r i v e d   f r o m   B r i t i s h   b u i l t   h e l i c o p t e r s   s u c h   a s   t h e  
W h i r l w i n d   a n d   w i t h o l J t   r e f e r e n c e   t o   t h e   l a t e s t   g e n e r a t i o n  of h e l i c o p t e r s .  
B l a d e   s l a p  i s  de f ined   by   Dav idson   and   Harges t   a s  a " random  noise   ampl i tude  

4 



and   f r euqency   modu la t ion" ,   bu t  it i s  d i f f i c u l t   t o   i n t e r p r e t   t h e  meaning of 
t h i s   s t a t e m e n t  o r  t o  t i e  i t  u p   w i t h   i n f o r m a t i o n   d e r i v e d   d u r i n g   t h i s  
i n v e s t i g a t i o n .  

Bell (7)  h a v e   r e i t e r a t e d   t h e i r   i d e a s  on t k g e n e r a t i o n   o f   b l a d e   s l a p  
o u t l i n e d   i n   r e f e r e n c e  2, i n   c o n n e c t i o n   w i t h   t h e i r  UH-ID IROQUOIS h e l i c o p t e r ,  
wh ich   appa ren t ly   p roduces  two t y p e s   o f   b l a d e   s l a p .  A t  low  forward  speeds 
t h e y   s u g g e s t  it i s  d u e   t o   b l a d e / v o r t e x   i n t e r a c t i o n ,   w h i l e   a t   h i g h   f o r w a r d  
s p e e d s   t h e y   f e e l  it r e s u l t s  f r o m   l o c a l   s u p e r s o n i c   a i r   f l o w   w h i c h   c a n   o c c u r  
n e a r   t h e   t i p   o f   t h e   a d v a n c i n g   b l a d e .   V e r t o l  ( 7 )  o r i g i n a l l y   p o s t u l a t e d   t h a t  

b l a d e   s l a p  was d u e   t o   s e p a r a t e d   f l o w   a n d   t h a t   a n o t h e r   t y p e   o f   n o i s e   w h i c h  
t h e y   t e r m e d   ' b l a d e   b a n g '   r e s u l t e d   f r o m   s h o c k  wave formation.   They 
c o n t e n d e d   t h a t   t h i s   ' b l a d e   b a n g '  was t h e   m a j o r   n o i s e   s o u r c e   a n d   t h e  
predominant  mechanism on t h e i r  t a n d e m   h e l i c o p t e r s .   I n   t h e   l i ' g h t   o f   t h i s  
it would   appear   tha t   Ver to l   have   t e rmed  'b lade   bang '   the   no ise   mechanism 
m o r m a l l y   r e f e r r e d   t o   a s   b l a d e   s l a p .   S i n c e   t h e n ,   V e r t o l   h a s  made a f u l l  
i n v e s t i g a t i o n   i n t o   b l a d e   s l a p  ( o r  bang)  on t h e i r   h e l i c o p t e r s  (11) and  have 
shown t h a t   i n   f a c t  i t  a r i s e s  f r o m   t h e   i n t e r a c t i o n   o f  a r o t o r   b l a d e   a n d   t h e  
t i p   v o r t e x   s h e d   b y  some o ther   b lac l? .  

S c h l e g l  ( 9 )  h a s   a s s o c i a t e d   b l a d e   s l a p   N i t h  t h e  r e t r e a t i n g   b l a d e   a t   t h e  
270' p o s i t i o n ,   t h i s   b e i n g   t h e   r e g i o n   w h a r e   t h e   a n g l e   o f   a t t a c k  i s  g r e a t e s t  
a n d   t h e   o c c u r r e n c e   o f   s t a l l   m o s t   l i k e l y .   T h i s   m e c h a n i s m  i s  r e i t e r a t e d   a n d  
d i s c u s s e d   i n   d e t a i l i n   S i k o r s k y ' s   r e c e n t   r e p o r t  (10) .  The r e p o r t   a l s o  
d i s c u s s e d   t h e  phenomenon  of   compress ib le   d rag   d ivergence   and   the   resu l t ing  
f o r m a t i o n   o f   s h o c k   w a v e s ,   a n d   s u g g e s t e d   t h a t   t h e s e   c a n   c o n - t r i b u t e - t o   t h e  
b l a d e   s l a p   n o i s e ;   E x c e p t   f o r   p u t t i n g   f o r w a r d   t h e   s t a l l   h y p o t h e s i s ,   t h i s  
paper  i s  i n  g e n e r a l   a g r e e m e n t   w i t h   t h a t   o f  Bell  ( 2 )  and   Ver to l  (11). 

3 BLADE SLAP MECHANISMS 

The t h r e e  . m a i n   m e c h a n i s m s   p o s t u l a t e d   f o r   b l a d e   s l a p   i n   t h e   l i t e r a t u r e  
a r e  summarized  below:- 

1. F l u c t u a t i n g   f o r c e s   c a u s e d   b y   b l a d e / v o r t e x   i n t e r a c t i o n .  

2. F l u c t u a t i n g   f o r c e s   r e s u l t i n g   f r o n   s t a l l i n g   a n d   u n - s t a l l i n g   o f   t h e   b l a d e .  

3 .  Shock wave f o r m a t i o n   d u e   t o   l o c a l   s u p e r s o n i c   f l o w :  it i s  s u g g e s t e d t h a t  
t h i s  i s  e i t h e r   ( a )  a d i r e c t   r e s u l t  of o p e r a t i n g  a b l a d e   a t  a h i g h   t i p  
speed or (b )   caused   by  a b l a d e / v o r t e x   i n t e r a c t i o n .  

A t  t h e   p r e s e n t  time d e t a i l e d   i n f o r m a t i o n  on the  above  mechanisms i s  s t i l l  
l i m i t e d   a n d ,   t h e r e f o r e ,  i t  i s  p r a c t i c a l l y   i m p o s s i b l e   t o   s t a t e   f r o m  a 
s c i e n t i f i c   b a s i s   w h i c h  i s  the   mos t   l i ke ly   mechan i sm.   Ce r t a in   deduc t ions   can ,  
however,  be made b y   c o n s i d e r i n g   t h e   p o s s i b l e   o c c u r r e n c e   o f   t h e   v a r i o u s  
mechanisms  on   ac tua l   he l icopters   and   cor re la t ing   them  wi th  t e s t  r e s u l t s   a n d  
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f l i g h t   o b s e r v a t i o n s .   T h e   b e s t   a p p r o a c h   a p p e a r s   t o   b e   t o   s t u d y   t h e   i d e . a -  
l i s e d   c a s e s   i n   t h e   f i r s t   i n s t a n c e .  

(1) Blade /vor tex   in te rac t ion . -   Mechanisms 1 a n d   3 ( b )   a r e   i l l u s t r a t e d  
i n   f i g u r e  1, which i s  r ep roduced  frorn t h e  M.Sc. t h e s i s  of F.W. T a y l o r ( l 4 ) .  
T h i s   f i g u r e   s h o w s   p o s s i b l e   b l a d e / v o r t e x   i n t e r a c t i o n s  when t h e   c o r e  i s  
p a r a l l e l   t o   t h e   s p a n   o f   t h e   b l a d e .   I f   a n   i n t e r a c t i o n  a s  g i v e n  by p a t h  
' A '  occurs ,   mechanism '1' i s  c l e a r l y   p r o d u c e d .   I n   t h i s   c a s e   t h e   b l a d e   i s  
s u b j e c t e d  f i r s t  t o  a 'down v e l o c i t y '   c h a n g e   a n d   t h e n   t o   a n ' u p   v e l o c i t y '  
change,  which  produces a r a p i d   c h a n g e   i n a n g l e o f   a t t a c k   a n d   s u b s e q u e n t  
i m p u l s i v e   l o a d i n g .   I f   p a t h  ' B '  i s  fo l lowed  a s i m i l a r   l o a d i n g   f l u c t u a t i o n  
o c c l J r s ,   b u t ,   o f   c o u r s e ,   a t  3 much s m a l l e r   m a g n i t u d e .   I n   a d d i t i o n   t o  
t h i s ,   h o w e v e r ,  it i s  p o s s i b l e   t h a t   t h e   v e l o c i t y   o f   t h e   b l a d e  i s  s u c h   t h a t  
when c o m S i n e d   w i t h   t h e   t a n g e n t i a l   v e l o c i t y   o f   t h e   t i p   v o r t e x ,  i t  exceeds 
t h e   s o n i c   v e l o c i t y   a n d   p r o d u c e s  a l oca l   shock   wave .   Pa th  ' C '  would 
produce a s i m i l a r   f l u c t u a t i n g   f o r c e   \ , a r i a t i o n   t o   t h a t   e x p e r i e n c e d  by a b l a d e  
t r a v e l l i n g   a l o n g   p a t h  ' B ' ,  b u t   i n   t h i s   c a s e   t h e r e  i s  v e r y   l i t t l e   c h a n c e   o f  
son ic   f l ow  be ing   p roduced .  Thus  mechanism '1'  c o u l d   r e s u l t  frorn i n t e r a c t i o n s  
o f   t h e   f o r m   i n d i c a t e d  by p a t h s  ' A ' , ' B ' ,  and IC', and  mechanism '38' from a 
b l a d e / v o r t e x   i n t e r s e c t i o n   o f   t h e   t y p e   i n d i c a t e d   b y   p a t h  ' B '  on ly .  

I n   t h e   t y p e   o f   i n t e r s e c t i o n   d e s c r i b e d   a b o v e ,   l a r g e   c h a n g e s  i n  t h e   a n g l e s  
o f   a t t a c k   o c c u r   a n d  i t  i s  s u g g e s t e d   t h a t   t h e   b l a d e   w o u l d   s t a l l .   T h i s  
f l u c t u a t i o n   t a k e s   p l a c e ,   h o w e v e r ,   v e r y   q u i c k l y   a n d  it i s  u n l i k e l y   t h a t   s t a l l  
wolJld occur  i n  t h i s   i n s t a n c e   ( s e e   d i s c u s s i o n   b e l o w  on s t a l l ) .  

( 2 )  B l a d e   s t a l l . -   T h e ' s t a l l '   h y p o t h e s i s  i s  much m3re d i f f i c u l t   t o  
v i s u a l i s e .  I t  i s  well known f r o m   f a n   a n d   p r o p e l l o r   s t u d i e s   t h a t   t h e r e   i s  
a n   i n c r e a s e  i n  the   b roadband  type   o f   no ise  when a b l a d e   s e c t i o n  i s  s t a l l e d .  
Even i f   t h e   b l a d e   c o u l d   b e   s t a l l e d   a n d   I J n - s t a l l e d   t o   p r o d u c e  a blJrst   of 
b roadband   no i se ,   t h i s   wou ld   no t   have   t he   imp l J l s ive   na tu re   o f   b l ade   s l ap .  
The impulse i s  of a s h 3 r t   d u r a t i o n   a n d   m u s t   t h e r e f o r e   b e  a d i r e c t   r e s u l t s  
o f   r a p i d   l o a d   ( l i f t )  o r  f o r c e   f l u c t u a t i o n .   S i n c e   t y p i c a l   i m p u l s e s  on a 
s i n g l e   r o t o r   h e l i c o p t e r   a r e   o f   t h e   o r d e r   o f  1-5 ms, t h e   s t a l l   s e q u e n c e  o r  
change i n  l i f t  m u s t  t h e r e f o r e   o c c u r  i n  an   az imutha l   b l ade  movement 
of a few  degrees .  A s t u d y   o f   r e c e n t   p a p e r s   c o n c e r n e d   w i t h   s t a l l   ( 1 5 , 1 6 ,  
17,18) i l l u s t r a t e s   t h e   c o m p l e x i t y   o f   t h e   p r o b l e m   a n d   s u g g e s t s   t h a t  it i s  
i m p o s s i b l e   a t   t h e   p r e s e n t  time t o   o b t a i n   t h e   n e c e s s a r y   d e t a i l s   r e q u i r e d  on 
s t a l l   t o  make e v e n   a n   e l e m e n t a r y   e s t i m a t e   o f   t h e   i m p u l s i v e   t y p e   o f   n o i s e  
( i f   a n y )   a s s o c i a t e d   w i t h   o c c u r r e n c e   o f   s t a l l .   T h e r e  i s ,  however, a g e n e r a l  
f e e l i n g   t h a t   t h e   o c c u r r e n c e   o f   s t a l l  i s  a r e l a t i   . e l y   s l o w   p r o c e s s .  Ham (15),  
fo r   example ,  showed t h a t  when a b l a d e  i s  t a k e n   r a p i d l y   a b o v e   t h e   ' s t a l l  
a n g l e '   t h e   h i g h   v a l u e s   o f   l i f t   a r e   s u b s t a i n e d   f o r  a time e q u i v a l e n t   t o  
someth ing   of   the   o rder   o f   1 /8 th   b lade   re1 ,o lu t ion .  The d e l a y  i n  o c c u r r e n c e  
o f   s t a l l  i s  t h o u g h t   t o  be a f u n c t i o n   o f   t h e   r a t e  of change  of   angle   of  
a t t a c k   a n d   t h e   s u s t a i n e d   u p p e r   s u r f a c e   s l u c t i o n   a s s o c i a t e d   w i t h  t h e  chordwise 
p a s s a g e   o f   v o r t i c i t y   s h e d   d u r i n g   t h e   s t a l l   p r o c e s s .  I t  i s ,  of c o u r s e ,  a 
well known f a c t   t h a t   t h e   o n s e t   o f   d y n a m i c   s t a l l   o c c u r s   a t  much h i g h e r   a n g l e s  
o f   a t t a c k  th.an a s s o c i a t e d   w i t h   t h e   s t a t i c   s t a l - 1 .  Thus t h e r e  i s  v e r y   l i t t l e  
chance Df a b l a d e   s t a l l i n g   a s  i t  p a s s e s   t h r o u g h ,  o r  c l o s e   t o ,  a t i p   v o r - t e x .  
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Work a t  Southampton (19) showed t h a t   i n d u c e d   a n g l e s   o f  2 25' c o u l d   b e   t o l e r a t e d  
w i t h o u t   a n y   a p p a r e n . t   s t a l l ,   p r o v i d e d   t h e  time s c a l e  was sma l l .  

On a n   a c t u a l   h e l i c o p t e r  it i s ,  h o w e v e r ,   t r u e   t h a t   b l a d e   s l a p  i s  o f t e n  
a s s o c i a t e d   w i t h   f l i g h t   c o n d i t i o n s   i n   w h i c h   s t a l l   c a n   e a s i l y   o c c u r ,  i .e.  h igh  
speed   and   l a rge  A.U.W. c a s e s .  I t  a p p e a r s   t h a t   t h i s  is t h e   m a i n   r e a s o n   f o r  
e x p l a i n i n g   b l a d e   s l a p   a s  a r e s u l t   o f   s t a l l .  A c l o s e r   s t u d y  shows t h a t  
s t a l l   c a n  o c c c l r   w i t h o u t   b l a d e   s l a p   b e i n g   d e t e c t e d ;   a n d   o f t e n   b l a d e   s l a p  
o c c u r s  when s t a l l  i s  u n l i k e l y .  I t  was  shown u s i n g  a WESSEX (19) t h a t  a 
45/50' b a n k   t u r n   t o   p o r t   a n d   s t a r b o a r d   p r o d u c e d   i d e n t i c a l   b l a d e   s l a p ,   b o t h  
i n   a m p l i t d u e   a n d   c h a r a c t e r i s t i c .  I t  i s  d i f f i c u l t   t o   e x p l a i n   t h i s   i n   t e r m s  
o f   t h e   ' s t a l l   t h e o r y '   s i n c e  a s t e a d y  bank t u r n  WOiJld n o t   b e   e x p e c t e d   t o   e f f e c s  
t h e   s t a l l   c h a r a c t e r i s t i c s   t o   a n y   g r e a t   e x t e n t .  I t  a l s o   a p p e a r s   t h a t   t h e  

' s t a l l '   c o n d i t i o n s   o f   t h e   m a j o r i t y   o f   s i n g l e   r o t o r   h e l i c o p t e r   c o n f i g u r a t i o n s  
a r e   a p p r o x i m a t e l y   t h e   s a m e ,   y e t   t h e i r   b l a d e   s l a p   c h a r a c t e r i s t i c s   a r e   c o m p l e t e l y  
d i f f e r e n t   v a r y i n g   f r o m  n3 s l a p   t o   e x t r e m e l y   l o u d   s l a p .  Also d u r i n g   t h e  
WESSEX t e s t s  ( 1 9 )  i t  1 ~ 3 s  f o u n d   t h a t  i n  l e v e l   f l i g h t , b l a d e   s l a p   c o u l d   b e  
i n d u c e d   b y   d e c r e a s i n g   a s  well a s   i n c r e a s i n g   c o l l e c t i L r e   p i t c h :  i t  i s  d i f f i c u i t  
t o   s e e  how t h i s   c a n   b e   e x p l a i n e d  i n  t e r m s   o f   t h e   s t a l l  phenomenon. 

A t y p i c a l   a n g l e - o f - a t t a c k   c o n t o u r   f o r  a s i n g l e - r o t o r   h e l i c o p t e r  i s  shown 
i n  f i g u r e  2. I f   s t a l l   p r o d u c e s   t h e   ' b a n g ' ,   t h e n   a s   t h e   b l a d e   r o t a t e d  i t  
would   be   expec ted   tha t  a con . t inuous   se r ies   o f   impulses   would   be   p roduzed   as  
more   o f   t he   b l ade   became   s t a l l ed .   Expe r imen ta l   r e su l t s   however ,   i nd ica t ed  
t h a t   t h e   m a i n   ' b a n g '  on a s i n g l e   r o t o r   h e l i c o p t e r  i s  a s i n g l e   i m p u l s e   o f  
s h o r t   d u r a t i o n .  A t y p i c a l   b a r g d u r a t i o n  i n  terms  of  blade  azimuth  movement 
i s   a l s o  shown  on t h i s   f i g x e .  I t  w i l l  b e   n o t e d   t h a t   t h e r e  i s  v e r y  l i t t l e  
c o r r e l a t i o n   b e t w e e n   t h i s   a n d   t h e   s t a l l   d u r a t i o n .  

A f u r t h e r   p o i n t   a g a i n s t   t h e   s t a l l   i d e a  i s  t h e   o b s e r v a t i o n   o f  t h e  e f f e c t  
o f  v e r y  low wind on a h o v e r i n g   h e l i c o p t e r  ( 2 0 )  and a w h i r l   t o w s r  (11);  
a l t h o u g h   s t a l l  i s  v e r y   u n l i k e l y  i n  t h e s e   c a s e s ,   b l a d e   s l a p  was prodlJced i n  
b o t h .   D i s t o r t i o n  of  t h e   v o r t e x   f i l a m e n t   p a t h   a n d   b l a d e / v o r t e x   i n - t e r a c t i o n ,  
i s  o f   c o u r s e ,  mlJzh more l i k e l y  i n  t h e s e   c i r c u m s t a n c e s .  

The above   d i scuss ion   has   been   based  on t h e   t r a d i t i o n a l   a n d   c l a s s i c a l  
c o n c e p t s   o f   s t a l l .   R e c e n t   s t u d i e s ,   h o w e v e r ,   s u g g e s t   t h a t  t h i s  form  of s t a l l  
d o e s   n o t   o c c u r  on r o t o r   b l a d e s   a n d   t h a t   c o m p r e s s i b i l i t y  i s  t h e   i m p o r t a n t  
parameter  (21) .  

To summarize, i t  wolJld a p p e a r   t h a t   a l t h o u g h   t h e   ' s t a l l   b l a d e   s l a p '  
h y p o t h e s i s   c a n n o t   b e   c o m p l e t e l y   d i s p r o v e d ,   t h e   a b o v e   p o i n t s i n d i c a t e   t h e  
u n l i k e l i h o o d   o f   b l a d e   s l a p   b e i n g   t h e   r e s u l t   o f   s u c h  a mechanism. 

&) Shock wave formation.-   The  formation  of   shock  wavss  on a n y   a e r o f o i l  
i s  very  complex.  I t  i s  s u g g e s t e d   t h a t  on a s i n g l e   r o t o r   h e l i c o p t e r  a 
shock i s  formed when t h e  loca l   f l ow  becomes   supe r son ic ,   wh i l e  on a tandem 
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h e l i c o p t e r  it i s  p o s t u l a t e d   t h a t   s h o c k   f o r m a t i o n  i s  a r e s u l t   o f   b l a d e / v o r t e x  
i n t e r a c t i o n   a s   a l r e a d y   o l l t l i n e d  (Mechanism  3b) .   Information of  t h e   d e t a i l s  
of  shock  wave  fzmmation i s  v e r y   s p a r s e   a n d   t h e r e  i s  p r a c t i c a l l y   n o  work  on 
r o t a t i n g   s y s t e m s   s u c h   a s   t h e   h e l i c o p t e r   r o t o r .  

B e f o r e   c o n s i d e r i n g   t h e   p o s s i b l e   p r o d u c t i o n   o f  a shock wave on a r o t o r ,  
i t  i s  w o r t h   n o t i n g   t h a t  a b l a d e   t r a v e l l i n g  3 t  s u b s o n i c   s p e e d   w i t h  a smal l  

between t h i s   c a s e   a n d . h e   s o n i c  boom broduced on s u p e r s o n i c   a i r c r a f t .  The 
n o i s e   s o u r c e  wc)uld, i f  i t  occur red ,   be  a r e s u l t  of t h e  f l u c t u a t i o n ,  o r  
change ,  i n  l i f t   c a u s e d  by t h e   f o r m a t i o n   o f  a d i s c r e t e   s h o c k  wave. 

. shock  wab'e on i t  w i l l  i t s e l f   n o t   p r o d u c e   a n y   n o i s e .   T h e r e  i s  no  comparison 

Although  shock  wave  formation i s   d i s c u s s e d   i n   d e t a i l  i n  r e f e r e n c e s ,  22, 
23,24, t h e r e  s t i l l  a p p e a r s   t o   b e  a g e n e r a l   l a c k   o f   u n d e r s t a n d i n g  of t h e   t o p i c .  

The p r e s e n t   p o s i t i o n   a p p e a r s   t o   b e   t h a t   t h e   a z t u 3 1  Mach number a t  which 
shock   waves   occu r   can   be   found   a scu ra t e ly   on ly   by   expe r imen t ;   bu t   t h i s  i s  
c o m p l i c a t e d   b y   t h e   f a c t   t h a t  weak shock ivaLres which  form  owing t o   l o c a l i s e d  
s o n i c   f l o w   a r e   e x t r m e l y   d i f f i c u l t   t o   d e t e c t .   I n   f a c t  on many a e r o f o i l s   t h e  
l o c a l   r e g i o n s   c a n  become s u p e r s o n i c   w i t h o u t   t h e   f o r m a t i o n   o f   e x t e n s i v e   s h o c k  
waves. 

S i n c e   t h e   l o c a l   f l o w  i s  dependent  on t h e   c o n d i t i o n s   o f   t h e   f l o w   a c r o s s  
t h e   a e r o f o i l   s e c t i o n ,   t h e   f o r m a t i o n   o f   t h e   s h o c k w a \ , e w o u l d   b e   e x p e c t e d  t o  be 
more   r andom  than   i nd ica t ed   by   t he   measu remen t s ,   wh ich   sugges t   t ha t  it occur s  
( w i t h i n   t h e   m e a s u r i n g   a c c u r a c y )   a t   b l a d e   p a s s i n g   f r e q u e n c y .  

Thus   a l though   l oca l   shock  wave f o r m a t i o n   n a y   c o n t r i b u t e   t o   t h e   s e v e r i t y  
o f   b l a d o   s l a p ,  i t  i s   n o t   t h o u g h t   t o  be a predominant  mschanism. On tandem 
h e l i c o ? t e r s   t h e   r e l a t i v e   a n g l e   b e t w e e n   t h e   ' v o r t e x '   a n d   b l a d e   d i r e c t i o n  i s  
s u c h   t h a t  i n  f o r w a r d   f l i g h t   t h e   m e c h a n i s m   i l l u s t r a t e d   i n   f i g u r e  1 i s   u n l i k e l y  
t o   o c c u r .  

( 4 )  Summary.-  From t h e   p r e c e d i n g   d i s c u s s i o n s  i t  w o u l d   a p p e a r ,   t h e r e f o r e ,  
t h a t   t h e   b l a d e / v o r t e x   i n t e r a c t i o n   m e c h a n i s m  i s  s t i l l  t h e   m o s t   l i k e l y .  
T h i s   f a c t   a p p e a r s  t o  b e   s u p p o r t e d   b y   t h e   r e c e n t   f u l l   s c a l e   B o e i n g - V e r t o l  
i n v e s t i g a t i o n  (11). Thus u n l e s s   s p e c i f i c a l l y   s t a t e d ,   i n   t h e   r e m a i n d e r  
o f   t h e   r e p o r t   b l a d e   s l a p  will be  assumsd t o   b e  a d i r e c t   r e s u l t  o f   t he  
f l u c t u a t i o n   i n f h e   l i f t   c a u s e d  by t h e   i n t e r a t i o n   o f  a b lade   and  a v o r t e x  
f i l a m e n t .   T h i s   c a n   b e   e i t h e r   a n   a c t u a l   i n t e r s e c t i o n  when a b l a d e   c u t s  a 
V o r t e x   f i l a m e n t  o r  t h e   e f f e c t   o f  a b l a d e   p a s s i n g   v e r y   c l o s e   t o  a v o r t e x  
f i l a m e n t .  

4 SLADE/VJRTEX INTERACTION ON HELICOPTERS 

Although i t  i s   e a s y   t o   i m a g i n e  a b l ade   and  a t i p   v o r t e x   i n t e r s e c t i n g ,  i t  
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i s  e x t r e m e l y   d i f f i c u l t   t o   v i s u a l i s e   t h e   d e t a i l s   o f   s u c h   a n   e n c o u n t e r   a n d  
p r a c t i c a l l y   i m p o s s i b l e   t o   d e s c r i b e  i t  ma themat i ca l ly .  

C o n s i d e r   i n   t h e   f i r s t   i n s t a n c e   t h e   s i n g l e   r o t o r   c a s e .  I t  was i n i t i a l l y  
t h o u g h t   t h a t   t h e   t i p   v o r t e x   t o o k  a c o n s d i e r a b l e  time a f t e r  i t  was shed   t o   fo rm 
i n t o  a d i s c r e t e   f i l a m e n t ,   a n d   t h a t  it moved  away r a p i d l y   f r o m   t h e   r o t o r   p l a n e  
a f t e r  i t  had  been  shed.   Experimental   evidence  has  shown t h a t   t h e   c o n v e r s e  
i s  o f t e n   t r u e .  The  photograph  (pl3t.e 1) o f   t h e  West1an.d W e s t m i n i s t e r   t a k e n  
i n   h i g h   h u m i d i t y   c o n d i t i o n   s h o w s   t h e   t i p   v o r t e x   f i l a m e n t s   a s   c o n d e n s a t i o n  
t r a i l s .  T h e   v o r t e x   t r a i l e d   b e h i n d   t h e   b l a d e   i n   t h e   p o r t q u a r t e r  i s  shown 
. c e r y   c l e a r l y .   A l s o   s h o w n ,   b u t   m c h   m o r e   f a i n t l y  i s  t h e   \ , o r t e x   t r a i l e d   b y  
t h e   p r e v i o u s   b l a d e   ( a t   a p p r o x i m a t e l y   t h e  300' p 3 s i t i o n )   w h i c h   c a n   b e   t r a c e d  
t o   t h e   f o r w a r d   p o s i t i o n  ; i t  w i l l  b e   n o t e d   t h a t   t h t s   a p p e a r s   t o   g o   a b o v e  
t h e   f o l l o w i n g   b l a d e .   A l t h o u g h   t h e   b l a d e s   a r e   n o t   c u t t i n g   a n y   v o r t e x  
f i l a m e n t   i n   t h i s   p a r t i c u l a r   c a s e ,   t h e y   a r e   g b v i o u s l y   p a s s i n g   v e r y   c l o s e   t o  
t h e   V o r t e x   f i l a m e n t .  Smoke t e s t s  on a m o d e l   t w o   b l a d e d   r o t o r   r i g   s i t u a t e d  
i n  t h e   w i n d   t u n n e l   a t   S o u t h a m p t o n   ( 2 5 )  showed t h a t   a t   t h e   f r o n t   o f   t h e   d i s c  
t h e r e   i s  a s t r o n g   u p w a s h   w i t h   t h e   r e s u l t   t h a t   t h e   t i p   v o r t e x   a f t e r   f o r m a t i o n  
r i s e s   a b o v e   t h e   r g t o r   d i s c .  A t y p i c a l   t r a j e c t o r y  of t h e   c r o s s - s e c t i o n   o f  a 
v o r t e x   a t   t h e  180 p o s i t i o n  ( i . e .  a t   t h e   f r o n t   o f   t h e   r o t o r )  i s  r ep roduced '  
i n  f i g u r e  3. Th i s  i s  i n   g e n e r a l   a g r e e m e n t  w i t h  c a l c u l a t i o n s   a n d   b l a d e  
pressure   measurements  made  by Ham ( 2 6 ) .  I n  a d d i t i o n   t o a i s  upwash a t   t h e  
f r o n t   o f   t h e   r o t o r   c o n s i d e r a b l e   d i s t o r t i o n  i n  t h e   f l o w   p a t t e r n  o ~ c ~ l r s  
a r o u n d   t h e   d i s c ,   p a r t i c u l a r l y   i n   t h e   4 5   a n d  315 r e g i o n s .   T h i s  i s  shown 
c l e a r l y  i n  T a r a i n e ' s   s t u d y   ( 2 7 )   a f   t h e   l o c a l   f l o w   a r o u n d  a r o t o r   d i s c   a n d  
was obse rved   du r ing   t he   Sou thampton   t e s t s   (25 ) .   Computa t ions   by  C r i m i  
(28)  and  White (29)  f o r  a two   b l aded   ro to r ,   and   by   Scu l ly  (30) have a l l  
d e m o n s t r a t e d   t h i s   t r e n d .  

0 

The i n v e s t i g a t i o n   m e n t i o n e d   a b o v e   h a s   a l s o   c o n f i r m e d   t h a t   t h e   b a s i c   t i p  
v o r t e x   f o r m s   v e r y   r a p i d l y .   T h i s   i s   s u b s t a n t i a t e d  i n  t h e   p r o p e l l e r   r e s e a r c h  
by Adams (3)  a n d   t h e   s t u d y   o f   t h e   f l o w   b e h i n d   a n   a i r c r a f t   w i n g   b y  McCormick 
and  Tangler  (31). Simons et a 1   ( 2 4 )   c o n c l u d e d   t h a t   t h e   r o l l i n g - u p   i s  
c o m p l e t e d   i n   d b o u t   t h e   t i m e   t a k e n   t o   t r a v e l  a d i s t a n c e   e q u i v a l e n t   t o   o n e  
b l a d e   r a d i u s ,   w h i c h  i s  i n  g e n e r a l   a g r e e m e n t   w i t h   t h a t   f o u n d   f o r   t h e   v o r t e x  
r o l l i n g - u p   p r o c e s s  on  wings.   Thus  the t i p   \ , o r t e x  would  be p r a c t i c a l l y   i n  
i t s  f i n a l  form  by  the time a n y   b l a d e   v o r t e x   i n e e r a c t i o n   c o u l d   o c c u r .  

F l i g h t  t e s t s  a r e   l i m i t e d ,   a l t h o u g h   d i f f e r e n t i a l   b l a d e   p r e s s u r e   m e a s u r e m e n t s  
a t   t h e  Bell  H e l i c o p t e r  Company ( 2 )  have shown c l e a r l y   t h a t   r a p i d   c h a n g e s   o f  
p r e s s u r e   o f   t h e   t y p e   e x p e c t e d   i f  a b l a d e / v o r t e x   i n t e r a c t i o n   o c c u r s   a r e   p r e s e n t  
when b l a d e   s l a p  i s  b e i n g   p r o d u c e d .   I f  it i s  a c c e p t e d   t h a t   v o r t i c e s   c a n   p a s s  
above o r  n e a r   t h e   r o t o r   d i s c ,   t h e n  it i s  c l e a r   t h a t   b l a d e   v o r t e x   i n t e r a c t i o n  
can  occur   and it i s  v e r y   l i k e l y   t h a t  a b l a d e   c a n   a c t u a l l y   c u t  a \vortex 
f i l a m e n t .   F o r   t h e   p r a c t i c a l   c a s e .   t h e   s i t u a t i o n  w i l l  be  more  complicated 
than   t he   mode l  t e s t s  i n d i c a t e   s i n c e   t u r b u l e n c e ,   t h e   h e l i c o p t e r   f u s e l a g e   a n d  
t h e   g e n e r a l   n o n - s y m m e t r i c a l   n a t u r e  of b l a d e   l e a d i n g  w i l l  c a u s e   e v e n   f u r t h e r  
d i s t o r t i o n   o f   t h e   f l o w   p a t t e r n s .  
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On a tandem r o t o r   h e l i c o p t e r ,   p a r t i c u l a r l y   i f   t h e ' b l a d e   o v e r l a p  i s  l a r g e , i t  
i s  e a s y   t o   i m a g i n e  a b l a d e   c u t t i n g ' a   v o r t e x   f i l a m e n t   s i n c e   o n e   r o t o r  w i l l  
b e   p a s s i n g   t h r o u g h   t h e  downwash o f   t h e   o t h e r .   T h i s   o b v i o u s l y   a c c o u n t s   f o r  
t h e   f a c t   t h a t   b l a d e   s l a p  i s  much more   severe  on tandem r o t o r   h e l i c o p t e r s .  The 
Boeing   Ver to l  Campany (11) h a v e   r e c e n t l y   c a r r i e d   o u t  a d e t a i l e d   e x p e r i m e n t a l  
programme i n  which  smoke was g e n e r a t e d   a t   t h e   b l a d e   t i p s   o f  a t andem  he l i cop te r .  
T h i s  showed c l e a r l y   b l a d e   v o r t e x   i n t e r s e c t i o n   a n d   t h a t   t h e   p o s i t i o n   a t   w h i c h  
it occured   could   be   computed   us ing  a r e l a t i v e l y   s i m p l e   a n a l y t i c a l   m o d e l .  I t  
i s  w o r t h   n o t i n g   t h a t   a l t h o u g h  on a t a n d e m   t h e   r e a r   r o t o r  i s  a b o v e   t h e   f r o n t  

r o t o r   i n   h o v e r ,   t h e   p o s i t i o n   c a n   b e   r e v e r s e d   i n   f o r w a r d   f l i g h t   d u e   t o   t h e  
t i l t i n g   o f   t h e   r o t o r   d i s c s .   T h u s ,   a s  shown by   Ver to l  (11) t h e   r e a r   r o t o r  
b l a d e s   c a n   c u t   t h e   t i p   v o r t e x   f i l a n e n t   s h e d   b y   t h e   f r o n t   r o t o r   s y s t e m .  

The f l o w   v i s u a l i s a t i o n   t e c h n i q u e   r e p o r t e d  i n  r e f e r e n c e  25, was a p p l i e d  by 
Simons t o  a p r e l i m i n a r y   s t u d y   o f   t h . 2   ' t a n d e m   r o t o r '   f l o w   p a t t e r n s .  To d a t e  
t h i s  work   has   no t   been   publ i shed ,   bu t  a s e l e c t i o n   o f   t h e   p h o t o g r a p h s   t a k e n  
a r e   r e p r o d u c e d   i n   p l a t e  2. 

The  photographs  show  clear ly  how t h e   i s o l a t e d   t i p   v o r t e x   p a s s e s   t h r o u g h  
t h e   l o w e r   r o t o r   a n d   s i n c e   t h e   v o r t i c e s   a r e  i n  the   form  of  a con t inuous  
f i l a m e n t ,  it i s  o b v i o u s   t h a t   a n   i n t e r s e c t i o n   c a n   o c c u r   u n d e r   c e r t a i n   c o n d i t i o n s .  
The   bo t tom  pho tograph   i l l u s t r a t e s   t he   ' unwind ing '   o f   t he   vo r t ex   f i l amen t   wh ich  
a p p e a r s   t o   t a k e   p l a c e   a f t e r   t h o   i n t e r a c t i o n .  

The d e t a i l s   o f   a n y   i n t e r a c t i o n   a r e   e x t r e m e l y   C o m p l i c a t e d   a n d   e s t i m a t i o n  
o f   a c t u a l   f l u c t u a t i o n  i n  l o a d  i s  n o t   p o s s i b l e   a t   t h e   p r e s e n t  time. An i n -  
s i g h t   i n t o   t h e   p r o b l e m   c a n ,   h o w e v e r ,   b e   o b t a i n e d  by c o n s i d e r i n g   t h e   t y p o s   o f  
i d e a l i s e d   i n t e r a c t i o n s   l i k e l y  on h e l i c o p t e r s .   F i g u r e  4 show  some t y p i c a l  
c a s e s   w h e r e   t h e   v o r t e x   f i l a m e n t  i s  r e p r e s e n t e d   b y  a r o t a t i n g   c y l i n d e r .  Even 
a n   e l e m e n t a r y   s t u d y   o f   t h i s   s i m p l i f i e d   s i t u a t i o n  w i l l  r e v e a l   t h e   c o m p l e x  
n a t u r e   o f   d e t e r m i n i n g   t h e   a p p r o p r i a t e   v e l o c i t y   p r o f i l e s   ' s e e n '  by t h e   b l a d e .  
I n   p r a c t i c e   t h e   p o s i t i o n  w i l l  be f u r t h e r   c o m p l i c a t e d   s i n c e   t h e   c i r c u l a t i o n  
o f   t h e   b l a d e   a n d   t h e   v o r t e x  will a f f e c t   o n e a n o t h e r   a n d   c a u s e   s e v e r e   d i s t o r t i o n  
o f   t h e   f i l a m e n t  when t h e   b l a d e  and v o r - t e x   a r e   c l o s e   t o g e t h e r .  On a s i n g l e  
r o t o r   h e l i c o p t e r   t h e   b l a d e  w i l l  m o s t   l i k e l y   e i t h e r   p a s s   c l o s e   t o   t h e  Lrortex 
f i l a m e n t   ( a ) ,  o r  c u t   t h r o u g h   t h e   f i l a m e n t   ( b ) .  On a t a n d e m   h e l i c o p t e r  it i s  
more l i k e l y   t h a t   o n e   r o t o r  will c u t   t h e   v o r t e x   f i l a m e n t   f r o m   t h e   o t h e r   r o t o r  
a s   i l l u s t r a t e d   i n   f i g u r e   ( c ) .   A l t h o u g h   t h e   d e t a i l s   a r e   n o t  known it i s  
c l e a r   t h a t   t h e   v e l o c i t y   p r o f i l e  i n  t h e   d i r e c t i o n   o f   m o t i o n  w i l l  b e   s i m i l a r  i n  
e a c h   c a s e ,   a n d   t a k e s   t h e   f o r m   g i v e n   b y   t h e   i n t e r a c t i o n   o f  a blade  and  an 
i s o l a t e d   v o r t e x   w i t h  i t s  a x i s   p a r a l l e l   t o   t h e   s p a n .  The f a c t   t h a t   l a r g e  
f l u c t u a t i o n s  i n  l i f t   o c c u r  when a b l a d e   p a s s e s   c l o s e l u  a Lror tex   f i l ament   a re  
o b v i o u s ,   a s   i l l u s t r a t e d   b y   S i m o n s  (33). 

T h e ' p e a k '   v e l o c i t y   a m p l i t u d e   e n c o u n t e r e d  by t h e   b l a d e  w i l l  be p r a c t i c a l l y  
i n d e p e n d e n t   o f   t h e   t y p e   o f   i n t e r a c t i o n   a n d   t h u s   n o i s e   f r o m   a n y   i n t e r a c t i o n ,   t o  
a f i r s t   a p p r o x i m a t i o n ,  w i l l  only  be  dependent  on the   L ro r t ex   s i ze   and   b l ade   pa ra -  
meter. The t h e o r e t i c a l   d e v e l o p m e n t   ( s e c t i o n  7 )  i s   b a s e d  on t h i s   a s s u m p t i o n  
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and   t hus  w i l l  p r e d i c t   t h e  less f a v o u r a b l e   r e s u l t ,   s i n c e   a n y  of t h e   t y p e   o f  
i n t e r a c t i o n   i l l u s t r a t e d   i n   f i g u r e  4 w i l l  t e n d   t o   r e d u c e   s l i g h t l y   t h e   p e a k  
ampl i tude   and ,   more   impor t an t ,   t he   r a t e   o f   change   o f   l oad ing .  

-5 TIP VORTICES 

Any a e r o f o i l  o r  l i f t i n g   s u r f a c e   p r o d u c e s  a s y s t e m   o f   t r a i l i n g   v o r . t i c e s  
a s  a r e s u l t  of  t h e   l i f t  o r  c i r c u l a t i o n   v a r i a t i o n   a c r o s s   t h e   s p a n .   T h i s  
t r a i l i n g   s h e e t   o f   f r e e   v o r t i c e s ,   w h i c h   r e p r e s e n t s  a s u r f a c e   o f   d i s c o n t i n u i t y ,  
i s  u n s t a b l e   a n d   c a n n o t   p e r s i s t   i n   t h i s   f o r m .   I n s t e a d   t h e   s h e e t   t e n d s   t o  
r o l l  u p   r a p i d l y   b e h i n d   t h e   w i n g   t o   f o r a  a p a i r   o f   d i s c r e t e   v o r t e x   f i l a m e n t s .  
Thus t h e   t r a i l i n g  wake  some d i s t a n c e   b e h i n d   t h e   w i n g  o r  r o t o r   b l a d e  will 
c o n s i s t   o n l y   o f  a r o o t   a n d   t i p   v o r t e x ,   i n   o p p o s i t e   s e n s e   t o   e a c h   o t h e r .  
S i n c e   t h e   t i p   v o r t e x  i s  v e r y   c o n c e n t r a t e d   a n d   t h e   r o o t   v o r t e x   v e r y   d i f f u s e ,  
i t  i s  u s u a l   t o   c o n s i d e r   o n l y   t h e   t i p   v o r t e x .  

T h e o r e t i c a l l y  i t  i s  v e r y   d i f f i c u l t   t o   e s t i m a t e   t h e   t a n g e n t i a l   v e l o c i t y  
of a v o r t e x .  For  t w o - d i m e n s i o n a l   p o t e n t i a l   f l o w   t h e   c i r c u m f e r e n t i a l  
v e l o c i t y   v a r i e s   i n v e r s e l y   w i t h   t h e   r a d i u s   a c c o r d i n g   t o   t h e   r e l a t i o n s h i p  

where V i s  t h e   t a n g e n t i a l   c o m p o n e n t   o f   i n d u c e d   v e l o c i t y  t 
r i s  t h e   r a d i . u s   f r o m   t h e   v o r t e x c e n t r e  

r i s   t h e   c i r c u l a t i o n .  
v 

T h i s   r e s u l t s  i n  a d i s t r i b u t i o n   a s   i l l u s t r a t e d   b y   t h e   " d o t t e d "  l i n e  i n  
f i g u r e  5., w i t h   t h e   v e l o c i t y   a t  t h e  c e n t r e   b e i n g   i n f i n i t e .  I n  a r e a l  
f l u i d   t h i s   c o u l d   n o t   o c c u r   a n d  V would   t ake   the   form shown  by t h e   " s o l i d "  
l i n e .  I n  t h i s   c a s e   t h e   v e l o c i t y   d e p a r t s   f r o m   t h e   p o t e n t i a l   t h e o r y   a s   t h e  
\vortex i s  t r a v e r s e d ,   a n d   r e a c h e s  a maximum b e f o r e   d e c r e a s i n g   t o   z e r o   a t  t h e  
v o r t e x   c e n t r e .   T h i s   c e n t r e   r e g i o n   i s  known a s   t h e   c o r e ,   w i t h i n   w h i c h   t h e  
f l u i d   m o t i o n   a p p r o a c h e s   t h a t   o f  3. s o l i d   r o t a t i o n  body. I f  i n  f a c t   t h e   c o r e  
i s   s i m p l i f i e d   t o  a r i g i d   b o d y ,   t h e n   t h e   . v e l o c i t y   d i s t r i b u t i o n   i n   t h e   c o r e  
w o u l d   t a k e   t h e   f o r m   i n d i c a t e d   b y   t h e   " d a s h e d r t   l i n e   i n   f i g u r e  5, i .e.  

t 

where r i s  t h e   r a d i u s   a t   w h i c h   t h e   m o t i o n  i s  c o n s i d e r e d   t o   c h a n g e   f r o m   t h a t  
o f   r i g t d  bodF t o   p o t e n t i a l   f l o w ( s e e   f i g u r e ) .  

A s  a l r eady   men t ioned ,  a r e a l   f l u i d   h a s  a somewhat d i f f e r e n t   p r o f i l e ,  
a good  approximation (33) t o   w h i c h  i s  g iven   by   Lamb ' s   so lu t ion  f o r  a \ 5 s c o u s  
f l u i d  (34) :- 

11 

L 



r 
( 1 - e  v -r * /4v t  Vt = - 2nrV 1 

whsrc? v i s   t h e   K i n e m a t i c   V i s c o s i t y  

t i.s t h e  t i m e  ( d e c a y   i n t e r v a l ) .  

T h i s   i l l u s t r a t e s   a n o t h e r   p r o p e r t y   o f  a v o r t e x ,   n a m e l y   t h a t   t h e   c o r e  
d i f f u s e s   w l t h   t i m e   d u e   t o  .:iscous e f f e c t s .  I t  a l s o   f o l l o w s   t h a t   t h e  
rnaximlun t a n g e n t i a l   v e l o z i t y ,  V i s  dependen t  on t h s   l i f t  produced  by  the 
b l a d e   s i n c e  T i s  d i r e c t l y   r e l a - t e d   t o   t h e  bound c i r c u l a t i o n  on t h e   a e r o f o i i  
a n d   t h e   v o r t e x   s t r u c t u r e .  

M 

I n  a d d i t i o n   t o   t h e  maximum t a n g e n t i a l   v e l o c i t y ,   a n o t h e r   i m p o r t a n t  
pa rame te r  i s  t h e   c o r e   d i a a e t e r .   T h i s  i s  n o t  a .Ne11 d e f i n e d   d i m e n s i o n   s i n c e  
t h e   a c t u a l   \ r e l o c i t y   d i s t r i b u t i o n   a p p r o a c h e s   a s y m p t o t i c a l l y   t h e   p o t e n t i a l  
d i s t r i b u t i o n .  F o r  conven ience  of  t h l s   w o r k ,   t h e   c o r e   d i a m e t e r   h a s   b e z n  
t a k e n   a s   t h e   d i a m e t e r   o f  a c i r c l e  bounded  by  the maximum t a n g e n t i a l   v e l o c i t y .  

S i n c e  r , t h e   c i r c u l a t i o n   c a n   b e   c a l c u l a t e d  f o r  a h e l i c o p t e r   b l a d e ,  
i t  i s   o n l y   n e c e s s a r y   t o  know t h e   c o r e   s i z e   t o   o b t a i n  VId and   an   e s t ima t ion  
o f   t h e   v e l o c i t y   d i s t r i b u t i o n .  As f a r   a s   c o u l d  be determi-ned  by  the  3wthoT, 
t h e r e   h a s   n o t   b e e n   a n y   s u c h   e s t i m a t i o n   o f   v o r t e x   c o r e   s i z e s   f o r   h e l i c o p t e r  
b l a d e s .  A number   o f   i nves t iga to r s   have ,   however ,  made e s t i m a t i o n s  f o r  the  
t i p   v o r t i c e s   s h e d   b y   w i n g s .   P i e r c y ' s  (35) ' r e s u l t s ,   f o r   e x a m p l e ,   i n d i c a + ; ?  
t h a t   t h e   c o r e   r a d i u s  i s  a p p r o x i m a t e l y   1 / 1 2   o f   t h e   s p a n   w h i l e   S p r e i t e r   a n d  
Sacks   (30 )   gave  a c o r e   r a d i u s   e q u i v a l e n t   t o  .155 times the .   s emi - span   fo r  
a n   e l l i p t i c a l l y   l o a d e d   w i n g .   I f   t h e   r o t o r   i n   q u e s t i o n  i s  c o n s i d e r e d   t o  
be  a w i n g   w i t h   a n   a s p e c t   r a t i o  o f  2 0 ,   t h e n   t h e s e  resul ts  s u g g e s t   t h a - t   t h e  
co r?  d i a m e t e r  i s  a b o u t  3 chords  ( i . e .  3c) 

Al though  on ly  a f e w   i n v e s t i g a t o r s   h a v e   a c t u a l l y   a t t e m p t e d   t o   m e a s u r e  
t h e   p r . o f i l e   o f  a t i p   v o r t e x ,   t h l i r   r e s u l t s   i n d i c a t e  a much s m a l l e r   c o r e .  
An e a r l y   s t u d y   b y   P i e r c y  (37) s u g g e s t e d  a c o r e   d i a m e t e r  of  O.X,  w i t h   t h e  
maximum t a n g e n t i a l   v e l o c i t y ,   b e i n g   e q u i v a l e n t   t o   a n   i n d u c e d   a n g l e  of +17-$'. 
I n  a n o r e   r e c e n t   p a p e r   w h i c h   p r e s e n t e d  a s t u d y  on t h e  V107 h e l i c o p t e r  r o t o r ,  
(38) McCormick a p p r o x i m a t e d   t h e   o u t e r   p o r t i o n   o f   t h e  r o t o r  b l ade   by  a wing 
and  measured some L r e l o c i t y   p r o f i l e s   a b o u t  6 chords   beh ind  it. This   gave 
c o r e   d i a m t e r s  of t h e   o r d e r  of 0.2% and maximum induced   ang le s  of 218 . 

Simons ,   Pac i f i c0   and   Jones  (25) c a r r i e d   o u t  some e x p e r i m e n t s  i n  3 wind 
t u n n e l   u s i n g  a m o d e l   h e l i c o p t e r   r o t o r   a n d   m e a s u r e d   t h e   v o r t e x   p r o f i l e   w i t h  
a 'Hot-wire   anemometer ' .   This   gave a co re   d i ame te r   o f   t he   o rde r   o f  0.1c w i t h  
a 4 in .   cho rd   b l ade .  MzCormick a n d   T a n g l e r   ( 3 2 )   s t u d i e d   t h e   v o r t e x   s h e e t  
beh ind  a wing of a n   a c t u a l   a i r c r a f t  (U.S. Army Cessna L-19)  and  compared 
t h e  resul ts  w i t h . a   o n e - t w e l f t h   s c a l e   s e m i - w i n g  i n  t h e  wind  tunnel .   These 
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w i n d   t u n n e l   r e s u l t s   a l s o   s u g g e s t e d  a c o r e   d i a m e t e r   o f   O . l c ,   w h i l e   t h e   f l i g h t  
r e s u l t s   i n d i c a t e d  a v a l u e   o f   h a l f   t h i s   v a l u e .  Maximum i n d u c e d   a n g l e   i n  
b o t h   c a s e s  were o f   t h e   o r d e r   o f  22'. 

A l t h o u g h   t h e   ' c o r e   d i a m e t e r '   h a s   t h e   m a j o r   e f f e c t   o f   t h e   n o i s e   p r o d u c e d  
by a n y   v o r t e x / b l a d e   i n t e r a c t i o n   t h e   r e m a i n d e r  of  t h e   v o r t e x   c a n n o t   b e  
n e g l e c t e d  when e s t i m a t i n g   t h e   n o i s e .   T h e   i n f o r m a t i o n   o n   o v e r a l l   s i z e   o f  a 
v o r t e x  i s  e v e n   m o r e   l i m i t e d   t h e   d e t a i l s . o n   t h e   L r o r t e x   s i z e   g i v e n   a b o v e .  An 
e x a m i n a t i o n   o f   t h e   a v a i l a b l e   i n f o r m a t i o n   t e n d s   t o   s u g g e s t   t h a t   t h e   c o m p l e t e  
p r o f i l e   t a k e s   t h e   f o r m  shown i n   f i g u r e  6 ,  w i t h   a n   " o v e r a l l   w i d t h " ( s e e   f i g u r e )  

, of  0.75C. Al though   t he   ' peak '   ampl i tdue  Vm i s  a func t ion   o f   b l ade   speed   and  
C,  t h e   e x p e r i m e n t a l   r e s u l t s   a l r e a d y   d i s c u s s e d   i n d i c a t e   t h a t   t h e  maximum induced 
a n g l e s   a r e   o f   t h e   o r d e r   o f  20' a s   p r e s e n t e d   i n   t h a   f i g u r e .  

Equa t ion  5.3, L a m b ' s   s o l u t i o n , d e f i n e s   t h e   r a d i a l   d i s t r i b u t i o n   o f   t h e  
v e l o c i t y   t h r o u g h   t h e   \ , o r t e x   a s  a func t ion   o f   t ime .  From t h i s  i t  fo l lows  
t h a t   t h e  maximum v e l o c i t y   i s   a t  a r a d i u s   g i v e n  by:- 

r = /- 
Thus t h e  maximum v e l o c i t y  y, i s  

(5.4) 

These - e q u a t i o n s   s u g g e s t   t h a t   t h e   c o r e   d i a m e t e r   i n c r e a s e s   a s  a f u n c t i o n   o f  
t2,  w h i l e   t h e  maximum v e l o c i t y   d e c a y s   a s  a f u n c t i o n   o f  t-9. 

Simons e t  a 1  (25)  s u g g e s t e d  a m o d i f i e d   r e l a t i o n s h i p   f o r   t h e   c o r e   r a d i u s  
where time ' t '  was r e p l a c e d  by ( t + to) .  T h i s   i m p l i e s   t h a t   a t  t = 0 ,  when 
t h e   v o r t e x   i s   a s s u m e d   t o   l e a v e   t h e   b l a d e ,   t h e   v o r t e x   c o r e   i s   o f   f i n i t e   s i z e .  
T h i s   i l l u s t r a t e s   c l e a r l y   t h e   p r o b l e m   e n c o u n t e r e d ,   n a m e l y   w h a t   t o   c o n s i d e r  
a s   z e r o  time ( i . e .  t = 0 ) .  S i n c e   t h e r e   a r e   i n d i c a t i o n s   o f  a well formed 
v o r t e x   c o r e   s o o n   a f t e r   t h e   \ , o r t e x   l e a v e s   t h e   b l a d e ,  i t  w o u l d   a p p e a r   t h a t   t h e  
time mus t   be   a s sumed   t o   s t a r t   f rom a datum i n   a d v a n c e   o f   t h i s  time. 
A l t e r n a t e l y  a s o l u t i o n   o f   t h e   f o r m   o u t l i n e d  by  Simon e t  a 1  (25) must  be 
used .  Thus t o   g e n e r a l i s e ,  i t  wou ld   appea r   t ha t   a l t hough   Lamb ' s   so lu t ion  
c a n   b e   u s e d   t o   p r e d i c t   t h e   s h a p e   o f   t h e   v e l o c i t y   d i s t r i b u t i o n   t h r o u g h   a n  
i s o l a t e d   v o r t e x   c o r e   a n d   i n d i c a t i o n s   o f   c h a n g e s   i n   v o r t e x   s t r u c t u r e   l i k e l y  
w i t h  time, it c a n n o t   b e   u s e d  t o  p r e d i c t   a b s o l u t e   v a l u e s   s i n c e   ' z e r o  time' 
canno t   be   de f ined .   Equa t ions  5.4 and 5.5 a r e ,   t h e r e f o r e ,   n o t   g e n e r a l  
w o r k i n g   s o l u t i o n s .  F o r  t h e   p a r t i c u l a r   c a s e   u n d e r   c o n s i d e r a t i o n ,   h o w e v e r ,  
t h e  time b e t w e e n   t h e   v o r t e x   l e a v i n g   t h e   b l a d e   a n d  a l i k e l y   b l a d e   v o r t e x  
i n t e r a c t i o n  i s  f a i r l y   s m a l l   a n d   t h u s ,   i f  i t  i s  assumed t h a t   c h a n g e   o f  
d imens ions  i s  o f   t h e   f o r m   i n d i c a t e d   b y   L a m b ' s   s o l u t i o n ,   t h e   c h a n g e   i n  
v o r t e x   c o r e   s i z e   a n d   p e a k   v e l o c i t y  Would n o t   b e   e x p e c t e d   t o   b e   l a r g e .  
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I t  w o u l d   b e   r e a s o n a b l e ,   t h e r e f o r e   t o   a s s u m e   t h a t  

"M = r  ( t h e   c i r c u l a t i o n   s t r e n g t h   o f   t h e   v o r t e x )  ( 5 - 6 )  

The c i r c u l a t i o n   s t r e n g t h   o f  a v o r t e x  r , i s  e q u a l   t o   t h e  maximgm bound 
c i r c u l a t i o n  on t h e   r o t o r   b l a d e s .   C o n s i d e r   t h e   c a s e  of  h e l i c o p t e r   i n   i d e a l  
h o v e r i n g   c o n d i t i o n s   w i t h   c o n s t a n t   c i r c u l a t i o n .  

The l i f t  on a n   e l e m e n t   d r   a t   r a d i u s  r i s  

dL = Vprdr  and V = w r  ; t h u s  

dL = p r r w  d r  

Thus t o t a l   l i f t   f o r  1 b l a d e ,  L = d L . d r  = prwR 
f z  

2 

2 
0 

Now t o t a l   l i f t  = Gross Weight   o f   Hel icopter :  

B.L (G.W.) 

where B = No. o f   b l a d e s .  

Thus t h e   i d e a l   v o r t e x   s t r e n g t h  i s  g i v e n  Sy 

Hence  from  equation 5.6 

I t  should  be  remembered  that  t i l ?  above i s  based on  two  dimensional 
a n a l y s i s   f o r  a p e r f e c t   f l u i d   c o n t a i n i n g   i s o l a t e d   v o r t i c e s .  

When t h e   b l a d e   c u t s  a v o r t e x   f i l a m e n t   t h e   b l a d e   c a n   b e   c o n s i d e r e d  to 
pass   t h rough  a c y l i n d e r o f   v o r t i c i t y   a s   i l l u s t r a t e d   i n   f i g u z e  4. I n  
e s t i m a t i n g   t h e   n o i s e   f r o m   a n y   i n t e r a c t i o n   ( s e c t i o n  7 )  i t  .is n e c e s s a r y   t o  
know t h e   s p a n   w i d t h   a f f e c t e d  by t h e   v o r t e x  3 n 3  t h e   d e t a i l s  of  t h e   ' g u s t  
l e n g t h '   i n   t h e   d i r e c t i o n   o f   b l a d e   m o t i o n .   T h e s e ,   a s  shown i n  f i g u r e 4 a r e  
o b v i o u s l y   f u n c t i o n s   o f   t h e   w i d t h   o f   t h e   L r o r t e x   f i l a m e n t  D. 

The   expe r imen ta l  work a l r e a d y   d i s c u s s e d  on t h e   v o r t e x   s i z e   a p p e a r s   t o  
s u g g e s t   t h a t   t h e   L r o r t e x   w i d t h ,  o r  more p r e c i s e l y   t h e   v o r t e x   c o r e ,  i s  a 
f u n c t i o n  o f  t h e   b l a d e   c h o r d .   C o r r e l a t i o n   b e t w e e n   . v a r i o u s   e x p e r i m e n t a l  
r e s u l t s   i s   p o o r   a n d  i t  is l i k e l y   t h a t   m e a s u r e m e n t s   o f   t h e   v o r t e x   s i z e   a r e  
g i v e n  i n  t e r m s   o f   t h e   b l a d e   c h o r d   s i m p l y   b e c a u s e   t h i s  i s  a c o n v e n i e n t  
m e t h o d   o f   q u o t i n g   t h e   r e s u l t s .  The t h e o r y  on t h e   o t h e r   h a n d ,   s u g g e s t s  
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t h a t   t h e   v o r t e x   s i z e  i s  i n d e p e n d e n t   o f   a l l   p a r a m e t e r s   e x c e p - t   v i c o s   i t y   a n d  
time. 

I t  i s  f a r  more l i k e l y ,   h o w e v e r ,   t h a t   t h e   c o r e   s i z e  i s  d i r e c t l y r e l a t e d   t o  the 
s p a n   l o a d i n g   o f   t h e   b l a d e   a n d   i n   p a r t i c u l a r   t o   t h e   l o a d i n g   n e a r   t h e   t i p  
( 2 1 ) .   I f   t h i s  i s  assumed t o   b e   c o r r e c t   t h e n ,   s i n c e   t h e   b l a d e   l o s d i n g  
c h a r a c t e r i s t i c s o f   t h e   m a j o r i t y   o f   h e l i c o p t e r s   a r e   s i m i l a r  i t  would  appear  
r e a s o n a b l e   t o   a s s u m e   ( a t   l e a s t   u n t i l   f u r t h e r   i n f o r m a t i o n  i s  a v a i l a b l e )  
t h a t   t h e   s p a n w i d t h   e f f e c t e d  by t h e   v o r t e x  i s  a c o n s t a n t .   S i n c e   t h e   o v e r -  
a l l   v o r t e x   f i l a m e n t  i s  c o n s i d e r e d   t o   b e   o f   t h e  same o r d e r   a s   t h e   b l a d e  
c h o r d ,   t h e ' g u s t '   o r   v o r t e x   f i l a m e n t   w i d t h  i n  t h e   d i r e c t i o n   o f   b l a c k   m o t i o n  
c a n   a l s o   b e   a s s u m e d   c o n s t a n t   f o r   a n y  o f  t h e   i s o l a t e d   i n t e r a c t i o r s i l l u s t r a t e d  
i n   f i g u r e  4. 

The d i f f i c u l t i e s   o f   p r e d i c t i n g   v o r t e x   p a t h s   h a v e   a l r e a d y   b e e n   o u t l i n e d .  
I f   h o w e v e r , t h e   t i p   \ * o r t e x   p a t h  j u s t  a f t e r   l e a v i n g   t h e   b l a d e  i s  de t e rmined  
by s imply  assuming i t  t o   f o l l o w   t h e   b l a d e   t i p   p a t h   a n d   e s t i m a t i o n   o f   w h e r e  
t h e   i n t e r a c t i o n  i s  l i k e l y   t o   o c c u r   c a n  be   ob ta ined .   There  i s  some j u s t -  
i f i c a t i o n  i n  t h i s   s i n c e   r e l a t i v e   t o   t h e  shew-helical wake c o n f i g u r a t i o n ,  
t h e   w a k e d i s t o r - t i o n   a p p e a r s   t o   o c c u r  i n  t h e   v e r t i c a l   p l a n e   ( 2 7 , 2 8 , 3 0 ) .   A l s o  
s i n c e   a n y   i n t e r a c t i o n  i s  l i k e l y   t o  be   caused   by   the   p roceeding   b lade   the  
d i s t o r t i o n  i n  t h e   r o t o r   d i s c   p l a n e   c a n  be   expec ted   t o   be  minimum s i n c e   t h e  
time i n v o l v e d  i s  s m a l l .  The  Boeing  Vertol  Company ( l l ) ,  u s e d   t h i s   t y p e  
o f   a p p r o a c h s u c c e s s f u l l y  on  t h e i r  tandem r o t o r   h e l i c o p t e r .  From t h i s   t y p e  
o f   s tudy  i t  i s   c l e a r   t h a t   f o r   t h e   m a j o r i t y  of  h e l i c o p t e r s   t h e   i n t e r a c t i o n  
i s   l i k e l y   t o   o c c u r   o v e r   t h e   o u t e r   p o r t i o n   o f   t h e   b l a d e .  I n  e s t i m a t i n g   t h e  
n o i s e   ( s e c t i o n  7 ) ,  t h e   v e l o c i t y   o f   h e   b l a d e   a t   t h s   i n t e r s e c t i o n   p o i n t  i s  
r e q u i r e d .  Unless a p a r t i c u l a r   r o t o r   c o n f i g u r a t i o n  a n d  f l i g h - t   c o n d i t i o n  
i s   b e i n g   i n v e s t i g a t e d  i t  would   appear   reasonable  b t a k e   t h e   l e s s   S a v o u r a b l e  
c a s e   a n d   a s s u m e   t h e   i n t e r s e c t i o n   v e l o c i t y  V ,  t o  be t h e  same a s   t h e   b l a d e  
t i p   v e l o c i t y  V T '  

6 THEORETICAL MODEL 

T h e   t w o   e x t r e m e   p r o f i l e   d i s t r i b u t i o n s   f o r   a n   i s o l a t e d   b l a d e / t i p   v o r t e x   i n t e r -  
a c t i o n   a r e   i l l u s t r a t e d   i n   f i g u r e s  7.1 a n d   7 . 2 .   F i g u r e   7 . l ( a )   a n d   ( b )  
shows t h e   v e l o c i t y   p r o f i l e s   a l o n g   t h e   s p a n   a n d  i n  t h e   d i r e c t i o n   o f   m 2 t i o n  
r e s p e c t i v e l y   f o r  a b l ade   pas s ing   t h ro t lgh  a v o r t e x   w i t h   t h e   c o r e   a x i s   p a r a l l e l  
t o   t h e   s p a n .  

F i g u r e   7 . 2   s h o w s   s i m i l a r   r e s u l t s  when t h e   a x i s   o f   t h e   v o r t e x   c a r e  i s  
p a r a l l e l   t o   t h e   d i r e c t i o n   o f   m o t i o n .  The t h e o r y   ( s e c t i o n  7 )  has   been  
d e v e l o p e d   f o r   t h e   c a s e  shown i n  f i g u r e  7.1. The v o r t e x  i s  t r e a t e d   a s  a 
g u s t   w i t h  a v e l o c i t y   p r o f i l e   e q u i v a l e n t   t o  %e v e l o c i t y   d i s t r i b u t i o n   t h a t  
would  be  experienced  by a b l a d e   i f  i t  p a s s e d   t h r o u g h   t h e   c e n t r e   o f   t h e  
v o r t e x .  The b l a d e  i s  assumed t o   b e   m o v i n g   a s  a wing a t  a v e l o c i t y   e q u a l  
t o   t h a t   o f   t h e   b l a d e   s e c t i o n   a t   t h e   c e n t r e  of t h e   g u s t .  



S i n c e  i t  i s  t h e   b l a d e   l o a d i n g   f l u c t u a t i o n  i n  t h e   d i r e c t i o n   o f   b l a d e  
motion  which i s  i m p o r t a n t ,   t h e   t h e o r y   c a n   a l s o   b e   m o d i f i e d   t o   t h e   c a s e  
i l l u s t r a t e d   i n   f i g u r e  7.2. For  t h i s   t h e   g u s t  i s  t r e a t e d   a s  two s e p a r a t e  
gus t s ,   one   ac t ing   upwards   and   one  downwards a s  shown i n   f i g u r e .  7.3.  The 
'power '   f rom  each   of   these  i s  numer i ca l ly   equa l   and  i t  i s  t h e r e f o r e ,   o n l y  
n e c e s s a r y   t o   c a l c u l a t e  i t  f o r  o n e   o f   t h e s e   a n d   m o d i f y   t h e   s o l u t i o n . t o   g i v e  
t h e   t o t a l   p o w e r .   I f  i t  i s  assumed t h a t   t h e  two p a r t s   o f   t h e   g u s t   a c t   a s  
s e p a r a t e   a n d   i s o l a t e d   d i p o l e   s o u r c e s t h e n   t h e r e  i s  no c a n c e l l a t i o n   e f f e c t  
a n d   t h e   t o t a l   p o w e r  i s  j u s t   d o u b l e   t h a t   f o r   o n e   p a r t   o f   t h e   g u s t .  I t  has 
been shown ( 3 9 )  by c o n s i d e r i n g  two p o i n t   d i p o l e s   t h a t   t h e   r a t i o   o f   t h e  
t o t a l  power, W 2 ,  t o   t h e  power i n  t h e   f a r   f i e l d   f o r   t h e   s i n g l e   d i p o l e  W 
t akes   t he   fo l lo iv ing   fo rm: -  1' 

( 6 . 1 )  

As kh + O3 W2/W1 + 2 ( i s o l a t e d   d i p o l e   c a s e )   ( 6 . 2 )  

Where ' h '  = s e p a r a t i o n   o f   p o i n t   d i p o l e s .  

k " 2rrf 
- c  and f = f requency.  

W /W v e r s u s   ' k h '  i s  shown i n  f i g a r e   A l , t h u s ,   i f   d e t a i l s  of i n t e r -  
a c t i o n  were known the t o t a l  power   could   be   eas i ly   found.  I t  wou ld   a l so  
b e   n e c e s s a r y   t o   m o d i f y   t h e   e q u a t i o n s   d e v e l o p e d   f o r   t h e   c a s e  shown i n  f i g u r e  
7 . 1 . ,   t o   t a l t e   a c c o u n t   o f   t h e   d i f f e r e n t   s p a n w i s e   l o a d i n g :   t h i s   e f f e c t  i s ,  
h o w e v e r ,   s m a l l   a n d   c a n   f o r   a l l   p r a c t i c a l   p u r p o s e s   b e   n e g l e c t e d .  As d i s c u s s e d  
i n  s e c t i o n  4 t h e   ' p e a k   a m p l i t u d e '   a n d   t h e   r a t e   o f   c h a n g e   o f   t h e   ' v e l o c i t y '  
p r o f i l e  w i l l  b e   a p p r o x i m a t e l y   t h e  same f o r   b o t h   t h e   c a s e s   i l l u s t r a t e d .  
Thus  power  and  energy  predicted  by  equat ions 7.10 a n d   7 . 1 1   ( s e c t i o n   7 )  
r e s p e c t i v e l y  will b e   e q u a l l y   a p p l i c a b l e  t o  e i t h e r   t y p e   o f   i n t e r a c t i o n ,  
w i t h i n   t h e   a c c u r a c y  limits a l r e a d y   o u t l i n e d .  

2 1  

. 4 l t h o u g h   t h e   t r e a t m e n t   o f   t h e   s o u r c e   a s  two s e p a r a t e   d i p o l e s  i s  n o t  
e x a c t ,   t h e   t h e o r y   b a s e d o n   t w o   p o i n t   d i p o l e s  can  be  used t o  g i v e   a n   e s t i m a t e  
o f   t h e   a c c u r a c y   o f   t h e   a p p r o a c h .   I f  i t  i s  assumed  tha t : -  

1. t h e   e x t r e m e s   o f   t h e   v o r t e x   c o r e   d i a m e t e r   a r e   t h e   d i p o l e   c e n t r e s  
( i . e .  h = c o r e   d i a m e t e r ) ;  

2. t h e   c o E d i a m e t e r   i s   i n   t h e   o r d e r   o f   0 . 2   o f   t h e   b l a d e   c h o r d   ( s e e  
s e c t i o n  5 on e x p e r i m e n t a l   r e s u l t s ) ;  

3. t h e   t y p i c a l   f r e q u e n c y   o f   t h e   s o u n d  i s  g iven   by  f = '' where 
V'= f l o w   s p e e d   r e l a t i v e   t o   b l a d e .  C 
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Then : - 
kh = 2rfh - = 2nMh (M = , Mach no. of blade) 

C C 
0 

C 
0 

a n d   t a k i n g  a t y p i c a l  Mach n1Jmber of  0.75 a t  t,he b l a d e   t i p   g i v e s  kh E 1.2 i n  
wh ich   ca se  W W i s  a p p r o x i m a t e l y  0.3 a s  shown i n   f i g u r e  A l .  Thus t h e   f i n a l  
so lu t ion   u s ing   +he   me thod   ou t l i ned   above  i s  l i k e l y   t o  be o f   t h s   o r d e r   o f  8 dB 
b e l o w   t h e   e x a c t   s o l u t i o n .  

2/ 

7 THEORY 

7.1 Genera l  

A l t h o u g h   t h e   l o u d n e s s  of s i n g l e   i m p u l s i v e   s o u n d   s u c h  as  s o n i c  booms have 
b e e n   e v a l u e t e d  (40,41), t h e r e  i s  p r a c t i c a l l y  n o   i n f o r m a t i o n   a v a i l a b l e  on 
e s t i m a t i n g   t h e   l o u d n e s s   o f   r e p e a t i n g   i m p u l s e s ,   e x c e p t   i n   c o n n e c t i o n   w i t h  * 

recommendations  for  damage r i s k  c r i t e r i a  (42,43). F o r   t h e   s i n g l e   i m p u l s e ,  
t h e   l o u d n e s s  i s  d e t e r m i n e d   b y   c o n s i d e r i n g   t h e   s o u n d   e n e r g y   i n   t h e   i m p u l s e  
a n d   a p p l y i n g   a p p r o p r i a t e   w e i g h t i n g   f u n s t i o n s .  F o r  cont inuous   sounds  it i s  
m o r e   u s u a l   t o  work i n  terms o f   t h e   s o u r c e   p o w e r   s i n c e   t h i s  i s  d i r e c t l y   r e l a t e d  
t o   t h e   l o u d n e s s   a n d   s o u n d   p r e s s u r e   l e v e l   m e a s u r e m e n t s .  A t  t h e   p r e s e n t  time 
i t  i s  n o t   c l e a r   w h i c h   m e t h o d   o f   e v a l u a t i o n  i s  b e s t   s u i t e d   i n   e s t i m a t i n g   t h e  
l o u d n e s s   o f   r e p e t i t i v e   t y p e   o f   n o i s e s  l i k e  b l a d e   s l a p .   B e f o r e  new m a t e r i a l  
becomes a v a i l a b l e ,   h o w e v e r ,  i t  w o u l d   a p p e a r   t h a t   t h e   e v a l u a t i o n  of  t h e  power 
of   the   impulse  i s  t h e   m o s t   a p p l i c a b l e  (44) ,  b u t   s i n c e  i t  i s  n o t   d e f i n i t e   b o t h  
f o r m s   a r e   g i v e n   i n   t h e   f o l l o w i n g   t h e o r e t i c a l   d e v e l o p m e n t .  

7.2 Acous t ic   Theory  

I t  was  shown i n   t h e   e a r l i e r   p a p e r s  (12,13) t h a t  when a b l a d e  i s  s u b j e c t e d  
t o  a f l u c t u a t i n g   l o a d   L , . p e r   u n i t   s p a n ,   t h e   t o t a l   s o m d   e n e r g y   p e r   u n i t  time 
radiated i n t o   t h e   f a r   f i e l d  i s  g iven   by  

where ( r  - r ) i s  t h e   s p a n   w i d t h   s u b j e c t e d  t o  t h e   d i s t u r b a n c e .   T h i s  
d e r i v a t i o n   w h i c h  i s  r e p r o d u c e d   i n   A p p e r d i x  1, a s s u m e s   t h a t   b o t h   t h e   b l a d e   c h o r d  
a n d   t h e   r e g i o n   a f f e c t e d   b y   t h e   f l u c t u a t i n g   l o a d   a r e   s m a l l   c o m p a r e d   w i t h   t h e  
a c o u s t i c   w a v e l e n g t h .  

0 1  
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I t  was a l s o   a s s u m e d   i n   d e v e l o p i n g   e q u a t i o n   ( 7 . 1 )   t h a t   t h e   b l a d e   l o a d i n g  
i s  c o n s t a n t   o v e r   t h e   s p a n   w i d t h  (r - r l ) .  A more r e p r e s e n t a t i v e   s p a n w i s e  
l o a d i n g   f o r   t h e   t y p e   o f   b l a d e / g u s t o i n t e r a c t i o n   u n d e r   c o n s i d e r a t i o n  i s  i l l u s t r a t e d  
below:- I I 

A g o o d   a p p r o x i m a t i o n   t o   t h i s  i s  a h a l f   s i n e  wave. I f   t h i s  i s  used   t hen  
equa t ion   (7 .1 )  i s  m o d i f i e d   t o  

I n   t h e   o r i g i n a l   p a p e r s  a f r e q u e n c y   a n a l y s i s   o f   t h e   m e a s u r e d   s o u n d  was m3de 
i n  terms o f   t h e   b l a d e   p a s s i n g   f r e q u e n c y   a s   f u n d a m e n t a l ,   a n d   f o r   t h i s   r e a s o n  
t h e   s u b s e q u e n t   t h e o r - ?  was deve loped  i n  terms o f   ha rmon ics   o f   t h i s   f r equency .  
T h i s   f o r m   d o e s   n o t ,   h o w e v e r ,   l e n d   i t s e l f   r e a d i l y   t o   w o r k i n g   r e l a t i o n s h i p s   f o r  
u s e   w i t h   a c t u a l   h e l i c o p t e r s .  The f o l l o w i n g   t h e o r y   t h e r e f o r e   t r e a t s   t h e  
b l a d e   l o a d i n g   i m p u l s e   a s   a n   i s o l a t e d   e v e n t ;   t h e   t o t a l   r a d i a t e d   e n e r g y   f r o m  
impulse o r  'bang '  w i l l  b e   g i v e n ,   r a t h e r   t h a n   t h e   a v e r a g e   p o w e r   o v e r  a complete  
b l a d e   p a s s i n g   c y c l e .   R e c e n t  work  on i m p u l s i v e   n o i s e   a n d   t h e   s u b j e c t i v e  
a s s e s s m e n t   o f   b l a d e   s l a p  on a c t u a l   h e l i c o p t e r s  seems t o   s u g g e s t   t h a t   t h i s  
approach  i s  more a p p r o p r i a t e   f o r   l o u d n e s s   p r e d i c t i o n .  

Equat ion  (7.2) c a n   b e   u s e d   t o   c a l c u l a t e   t h e   a c o u s t i c   p o w e r  o r  e n e r g y  
r a d i a t e d   f r o m   t h e   b l a d e   f o l l o w i n g  a s i n g l e   g u s t  o r  impu l se .   Th i s   s imp ly  
i n v o l v e s   a n   i n t e g r a t i o n   o v e r   t h e   d u r a t i o n   o f   t h e   i m p u l s e ,   a n d   l e a d s  t o  t h e  
f o l l o w i n g   e x p r e s s i o n   f o r   ' b a n g   p o w e r '  W and   ' bang   ene rgy 'EB  r e spec t ive ly :  B 

s i n c e  EB = ( b a n g   d u r a t i o n )  x 
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7.3 Blade  loading 

To calculate W and E accurately  it  would  of  course,  be  necessary  to 
know the  variation  of  blade  loading  as  it  passes  through  or  over  the  tip 
vortex  'filament.  Thus  an  exact  gust  velocity  profile in the  direction  of 
blade  motion  would be required. The time  history of the  blade  loading  is 
very  important,  since W and E are  dependent  on  the  rate  of  change  of  loading 
and  not  just  the  amplitude. !he spanwise  distribution  normal  to  the  direction 
of  motion  is  not so important,  although  for  an  absolute  estimate  of  noise 
it  would  be  needed. 

B  B 

B 

A study  of  the  tip  vortex  paths  associated  with  even  a  simple  rotor 
system  shows  that  it  is  practically  impossible  to  estimate  the  gust  profile 
experienced  by  the  blade:  this is  discussed  in  section 4 .  It is  therefore 
impossible  at  the  present  time  to  develop  the  theory  in  terms  of  absolute 
values  for  an  actual  helicopter. 

It  is  possible,  however,  by  considering  an  ideal  bladelvortex  interaction 
and  making  various  simplifications,  to  obtain  a  relationship  which  shows  both 
the  important  parameters  for  an  actual  helicopter,  and  indicates  the  severity 
of  blade  slap  likely  on  any  helicopter. 

When  bladelvortex  interaction  occurs,  the  blade  effectively  passes  through 
a  gust of known dimensions.  The  resulting  lift  can  be  calculated  using  Kussner's 
function ( 4 5 ) .  It is  convenient  to  represent  the  gust  as  a  series  of  harmonics 
based on the  gust  width  as  the  fundamental  length. 

Using  this  approach,  the  loading  is  given  by  two  separate  expressions, 
one  when  the  blade  is  experiencing  the  gust(equation 7.5) and  the  other 
when  the  loading  decays - as  the  blade  passes  out  of  its  effect  (equation 7.6) 

k 
L = 1VCa W -0.13s  m ( sin(kms-@)+e m o m  Jk', +(0.13)' ) 

+ 

0.5 ( sin (kms-a)  +e-' J Y F  m (7.5) 
-0.13s km 

m 
Lm = $PVCaoWm  sin  (kmx - @) + 

ik2 +@ .13) 

+ sin(  kmx-a) + 
m 'k2m+ 1 

km 

In the  above  relationships 
m = Harmonic  order  of  gust 

Km = 2IIb.m 
Y 
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s = non-dimensional distance  measured  from  beginning  of  gust given by S=- 
d 
b 

where d is actual  distance, b = half chord = C / 2  

Y = total  length  of  gust 

x = non-dimensional length  of gust= Y/b, 

These  expressions could be evaluated  numerically  for  each case. The 
effort involved  is not,  however,  justified  unless  the  details of the  gust 
profiles  are accurately known. A s  already  discussed  this  is  not the case, 
and  it is more  useful  to  obtain a  simplified solution  which gi\,es an  estimate 
of WB in terms of  overall  features of the gust. 

Since  the  harmonics  of  the typical gust  shown in figure 8.1 fall  off 
rapidly  (figure 8.2) it is not  necessary to  consider  more  than,  say,  the 
first  three harmonics. The  total loading  (based on the  first  three  gust 
harmonics) determined using  equations 7.5 and .6 is shown by the  continuous 
line in figure 9.4 If  the calculation  is limited to the  first harmonic 
alone,  then the  blade  loading s h o w  by the  broken  line  on  figure  10 is 
obtained. The  two  curves  are L'ery similar  in  shape,  suggesting  that  it is 
the  first  harmonic  that  largely  determines  the  shape  of  the  loading curve. 
It should he noted that  equation 7.3 and 7.4 depend  on  the  rate  of change of 
loading ( a L j a t )  and the  shape is important  as well as the amplitude. 

Thus a good  estimate of W and EB can be expected  if  the  calculation is 
based on the  first harmonic. BThe  loading f o r  the  first  harmonic is given 
by equations 7.5 and 7.6 with m = 1. It  will be noted that  this is made 
up of two  terms,  with an amplitude  ratio  of  approximately 1:8. These  two 
terms  are  shown  on  figure 10. The  smaller term  is of a similar  shape  to 
the  larger,  with  the  result that although  it  affects  the  amplitude it  has 
very little effect on the shape. Since this term is  small compared  with 
the  other  it seems reasonable to neglect  it  in  which  case  the loading  is 
given  by a much  simplified equation. 

It is  still theoretically  necessary to harmonically  analyse the gust. 
If  however,  the  calculation is made using  the peak gust  amplitude W instead 
of Wi, then the resulting loading  is  increased in  amplitude and now  approximates 
closely  the overall amplitude,  as well as  the  shape,  originally obtained 
using the  first three harmonics. This is, of  course,  due  to  the fact that 
the  gust  profile  approximates a  sine wave  and  that the ratio of gust  width 
to blade  chord approaches unity. The  agreement is shown  in  figure  11,  which 
compares the  loading  based on the  first  three  harmonics  (continuous line) 
with  that obtained for  only the first  harmonic (m = 1) when W is  taken as 
the peak amplitude W of  the  gust  and  the  first  term is omittea  as described 
above (broken line). 
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S i n c e  it i s  t h e   r a t e   o f   c h a n g e   o f   l o a d i n g   w h i c h  i s  i m p o r t a n t ,   t h e   m a i n  
c o n t r i b u t i o n   t o   t h e   ‘ b a n g ’  power  and  energy i s  e x p e c t e d   t o  come w h i l e   t h e  
b l a d e   l e a d i n g   e d g e  i s  w i t h i n   t h e   g u s t   ( e q u a t i o n   7 . 5 )   r a t h e r   t h a n   f r o m   t h e  
e x p o n e n t i a l   d e c a y   o f   l o a d i n g   a f t e r   t h e   l e a d i n g   e d g e   e m e r g e s   f r o m   t h e   g u s t  
( e q u a t i o n   7 . 6 ) .   P a r t   o f   e q u a t i o n  7.5 h a s   b e e n   d i s c a r d e d   a l r e a d y ;   t h e  
remacning  terms  of  a s i n e  term a n d   a n   e x p o n e n t i a l  term a r e  compared i n  
f i g u r e  12. 

I f   t h e   e x p o n e n t i a l   d e c a y  term c a n   b e   n e g l e c t e d ,   t h e   l o a d i n g  i s  g iven   by  
t h e   f o l l o w i n g   s i m p l i f i e d   r e l a t i o n s h i p :  

T h i s  i s  v a l i d , . ,   w i t h i n   t h e  limits a l r e a d y   o u t l i n e d , p r o v i d e d   t h e   g u s t  
l e n g t h s  i s  of t h e  same o r d e r   a s   t h e   b l a d e   c h o r d .  I t  may aDDear t h a t   t h e  
s i m p l i f i c a t i o n s  made t o   o b t a i n   e q u a t i o n  7.6 a r e   e x t r e m e l y   s e v e r e .  To o b t a i n  
a n   i n d i c a t i o n  of t h e   d i f f e r e n c e   b e t w e e n . t h 2   e x a c t   s o l u t i o n   ( b a s e d  on t h e  
f i r s t   t h r e e   h a r m o n i c s   o f   t h e   g u s t )   a n d   e q u a i o n   7 . 7 t h e   t i m e   v a r i a t i o n   o f  
(aL/a t )   has   been   computed   us ing   bo th   methods .  The r e s u l t s  a r e  compared i n  
f i g u r e  13, and   f rom  th i s  i t  can   be   s een   t ha t   t he   ‘peak   l e tne l s ’   a r e   unde r -  
e s t i m a t e d  by a f a c t o r   o f  2. 

W and E depend  on   the  time i n t e g r a l   o f   t h e   s q u a r e   o f   t h e   c u r v e s   g i v e n  
i n   f i g u r e  4.7y th i s   has   been   computed   and   shows   t ha t   t he   va lue   ca l cu la t ed  
u s i n g   t h e   e x a c t   s o l u t i o n s  i s  1.7 times a s   g r e a t   a s   t h a t   g i v e n   b y   t h e  
s i m p l i f i e d   s o l u t i o n .  The  comparison i s  i l l u s t r a t e d   i n   f i g u r e  14. 

B 

Differentiation of  e q u a t i o n   7 . 7 w i t h   r e s p e c t   t o  t = C s / 2 V  g i v e s  

T h i s   e x p r e s s i o n  i s  t o  b e   i n t e g r a t e d   o v e r   t h e   d u r a t i o n  o f  tbe   imp*J lse ,2which  
i n   t h e   p r e s e n t   a p p r o x i m a t i o n  i s  from k s = 0 t o  2. Approximating k /(k12+1) 
by 1 ( o n   t h e   g r o u n d s   t h a t  Y=Z, s o  k = Ill> l e a d s   t o   t h e  r e s u l t  1 

1 

S u b s t i t u t i o n   i n   e q u a t i o n 7 . 3   a n d  7..4 g i v e   t h e   b a n g   p o w e r . a n d  energy a s  
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2 

'B ' pv 

a - 4W2 (ro - rl) 2 

0 
(7.10) 

2 - a p n 3 3  (r - rl) 2 

E B '  3" 0 0 

22 

(7.11) 



7.4  Bang  Power  and  Energy i n  Terms of H e l i c o p t e r   P a r a m e t e r s  

( r  - r i s  t h e   s p a n   ' l e n g t h   s u b j e c t e d  t o  t h e   g u s t ,  o r  i n   t h e   c a s e  of 
a r e a l   a e l i c o p t e r   t h e   b l a d e   l e n g t h   a f f e c t e d   b y   t h e   t i p   v o r t e x   f i l a m e n t .  
Th i s  i s  d i s c u s s e d   i n   s e c t i o n  5 and it wou ld   appea r   r ea sonab le  t o  a s sume   t ha t  
( r o  - r l )  i s  a c o n s t a n t .  

1 

T h e   s t u d y   o f   p o s s i b l e   t i p   v o r t e x   p a t h s   h a s   a l r e a d y  shown t h a t   b l a d e /  
v o r t e x   i n t e r a c t i o n  i s  m o s t   l i k e l y   t o   o c c u r   n e a r   t h e   b l a d e   t i p .  Thus 'rl can 
b e   r e p l a c e d  i n  t h e   a b o v e   e q u a t i o n s   b y   t h e   b l a d e   t i p   v e l o c i t y  VT. 

I t  h a s   a l s o   b e e n  shown i n   s e c t i o n  5 t h a t   a l t h o u g h   a n   e x a c t   s o l u t i o n  
f o r   t h e  maxi.mum t a n g e n t i a l   v e l o c i t y   o f  a t i p   v o r t e x  i s  n o t   p o s s i b l e  V i s  
c o n n e c t e d   t o   t h e   p a r a m e t e r s   o f  a h e l i c o p t e r   b y   t h e   f o l l o w i n g   p r o p o r t i o n a l i t y : -  M 

(GW) 
'M a VTBR 

In t h i s   p a r t i c u l a r   a p p l i c a t i o n  W E V and  hence,  M 

V: ( GWl2 

'Ba 'B2R2 

( e q u a t i o n  5 .8) 

(7.12)  

Y .VT. (GW) 2 

E~ a B2R2 

(7 .13)  

S i n c e  i t  was assumed i n  t h e   d e r i v a t i o n  o f  t h s   b l a d e   l o a d i n g   t h a t   t h e  
g u s t   l e n g t h  i s  o f  t h e  same o rde r   a s   t he   b l ade   chord   and   s ince   any   b l ade /L ,o r t ex  
i n t e r a c t i o n   i s   l i k e l y   t o  b e  a f u n c t i o n  o f  a b l a d e   c h o r d   ( s e c t i o n  4 ) ,  Y i n  
equa t ion   7 .13   can   be   r ep laczd  by C ,whence 

VT ( GW) ' C  

EBa B2R2 (7 .14)  

7.5 B l a d e   S l a p   F a c t o r  

Equa t ions  7.12 an3  7 .14   which   g ive   the   'bang  pow2r' and   'bang   energy '  
r e s p e c t i v e l y   c a n   b e   u s e d   t o   c o m p a r e   t h e   r e l a t i v e  levels  o f   b l a d e   s l a p   l i k e l y  
f r o m   a n y   h e l i c o p t e r .  F o r  conven ience   t hese   equa t ions   have   been  termed t h e  
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BLADE SLAP  FACTORS a n d   a r e   r e f e r r e d   t o   a s  'BSF(P)  and  BSF(E) f o r   t h e   e s t i m a t i o n  
based   on   power   and   energy   respec t ive ly  

BSF(P) = (vT.@)) 2 BSF(E) = (GW) CVT 2 

RB 
- 

Y BR 

o r  i n  terms o f   t h e   d i s c   l o a d i n g ,  w 

(7.15) 

(7.14) 

T h e   a b o v e   e q u a t i o n   c a n   b e   u s e d   t o   i l l u s t r a t e   t h e   m o s t   i m p o r t a n t   p a r a m e t e r  
,3n a n   a c t u a l   h e l i c o p t e r .   C o n s i d e r   i n   t h e   f i r s t   i n s t a n c e   o n e   p a r t i c u l a r  
h e l i c o p t e r ,   t h e n  C ,  R and B w i l l  b e   f i x e d ,   i n   w h i c h   c a s e  

BSF(P) a (VT.GW) ; 
2 BSF(E) a V ~ ( G W )  2 (7.17) 

I f  now t h e   ' p i t c h '  i s  assumed  cons tan t ,  it f o l l o w s   t h a t   t h e   v o r t e x   3 i z e  o r  strength 
i s   d i r e c t l y   p m p o r t i o n a l   t o   t h e   v e l o c i t y  of  t h e   b l a d e ,   h e n c e  GWct V T  and 

BSF(P)= v: ; BSF(E)= vT 5 (7 .18)  

This   assumes o f  c o u r s e ,   t h a t   a l l   o t h e r   c o n d i t i o n s   a n d   p a r a m e t e r s   a r e  
c o n s t a n t  2nd i s  t h e   t y p i c a l  law f o r  t h e   d i p o l e   t y p e   o f   r a d i a t i o n .  

C o n s i d e r   n e x t   t h e   c a s e  when t h e   t i p   v e l o c i t y  i s  f i x a d ,   t h e n : -  

(GW) E K . O  where 0 i s  t h e   p i t c h   a n g l e .  
h 

Thus BSF ( P )  and BSF ( E )  0: 0' (7.19) 

The  Blade  Slap  Factors   have  been  computed f o r  a number   o f   he l i cop te r s   and  
t h e   r e s u l t s   a r e  shown i n   t a b l e  1 t o g e t h e r   w i t h   s o n e   s u b j e c t i v e   a s s e s s m e n t s .  

8 DISCUSSION ON THE  BLADE SLAP  FACTORS 

T h e   b l a d e   s l a p   t h e o r y   h a s   b e e n   d e v e l o p e d   o n  t h e   a s s u m p t i o n   t h a t   t h e   b l a d e  
c h o r d   a n d   t h e   s p a n w i d t h   e f f e c t   o f   t h e   v o r t e x   a r e  sma l l   ( s ee   Append ix   1 ) .  The 

24 



B.S.F. i s  t h e r e f o r e  more l i k e l y   t o   b e   a p p l i c a b l e   t o   t h e   h e l i c o p t e r s   w i t h  
r e l a t i v e l y   s m a l l   c h o r d   b l a d e s .   F o r   l a r g e   c h o r d   b l a d e s  it would  be  necessary 
t o   t r e a t   t h e   s o u r c e   a s   a n   a r r a y   o f   d i p o l e s   a n d   o b t a i n   t h e   o v e r a l l   e f f e c t   b y  
a s u m m a t i o n   p r o c e s s .   A l t h o u g h   t h i s   w o u l d   b e   r e l a t i v e l y   s i m p l e ,  i t  d o e s   n o t  
a p p e a r   j u s t i f i e d   s i n c e   t h e   d e t a i l s   o f   b l a d e / \ . o r t e x   i n t e r s e c t i o n   l i k e l y  on any 
h e l i c o p t e r   a r e  s o  vague. 

A compar i son   be tween   t he   sub jec t ive   a s ses smen t s   and   t he   va lues   o f   B .S .F . (P )  
and  B.S.F.(E)  given i n   t a b l e  1 is shown i n   f i g u r e s  15 a n d   1 6   r e s p e c t i v e l y .  
The B.S.F. h a s   b e e n   p l o t t e d  3n a l o g  s c a l e ,   w h i c h  i s ,  o f   c o u r s e , e q u i v a l e n t  
t o   u s i n g  a dB s c a l e .   I n   a d d i t i o n   t o   t h e   h e l i c o p t e r s   r e f e r r e d .   t o   i n   t h e   s u r v e y  
(14) t h e   v a l u e s  f o r  t h e   S i k o r s k y   S 6 5   a n d   M i l h a i l  (USSR) Mil 10 a r e  shown. 
I t  w i l l  b e   o b s e r v e d   t h a t   t h e r e  i s  f a i r l y  g o o d   c o r r e l a t i o n   b e t w e e n   t h e  B.S.F.'s 
a n d   t h e   s u b j e c t i v e   o b s e r v a t i o n ,   p a r t i c u l a r l y   f o r   t h e  power so lu t ion   (B .S .F . (P )  
F i g u r e  15). 

The v a l u e s  f o r  t h e  MT1 13 a r e   e x t r e m e l y   l a r g e ,   w h i l e   o b s e r v a t i o n s   o f   t h e  
h e l i c o p t e r   s u g g e s t  i t  i s  v e r y   q u i e t   a n d   w i t h o u t   b l a d e   s l a p ( 2 0 ) .  A t  t h e  time 
o f   t h i s   a s s e s s m e n t  o f  t h e  Mil 10 t h e   g r o s s   w e i g h t  was o n l y  85000 l b s  i n  q h i c h  
case   t he   B .S .F . (P )   and   B .S .F . (E)   a r e   r educed   t o   4540  x 10 and  20.8 x 10 
r e s p e c t i v e l y .   T h e s e   a r e ,   h o w e v e r ,  s t i l l  w e l l   a b o v e   t h o s e   o f   t h e   o t h e r  
h e l i c o p t e r s   c o n s i d e r e d .  

W i t h   t h e   i n f o r m a t i o n   a t   p r e s e n t   a v a i l a b l e  i t  i s  n o t   p o s s i b l e   t o   e x p l a i n  
why t h e  Mil 10 has   such  a l a r g e   b l a d e   f a c t o r   w h i l e   n o t   h a v i n g   a n y   b l a d e   s l a p .  

I n f o r m a t i o n  on t h e   5 6 5  i s  a l s o   s p a r s e ,   b u t   t h e r e   a r e   i n d i c a t i o n s   t h a t   b l a d e  
s l a p  i s  n o t  a s i g n i f i c a n t   p r o b l e m  on t h i s   h e l i c o p t e r ,   e v e n   a l t h o u g h   t h e   v a l u e  
o f   t he  B.S.F. i s  r e l a t i v e l y   l a r g e .  

As a l r e a d y   m e n t i o n e d   t h e   t h e o r y  i s  n o t   r e a l l y   s u i t e d   t o   h e l i c o p t e r s   w i t h  
l a rge   chord   b l ades .   The   chord   w id th   o f   t he  Mil 10 i s  v e r y   l a r g e  (39 i n c h e s ) ,  
w h i c h   c o u l d   a c c o u n t   f o r   t h e   f a c t   t h a t   t h e  B.S .F .   does   no t   appear   to   agree   wi th  
t h e  s u b j e c t i v e   a s s e s s m e n t  i n  t h i s   c a s e .  The chord of t h e  SS5 b l a d e  i s  a l s o  
r e l a t i c r e l y   l a r g e  (26 i n c h e s ) ,   b u t   t h i s   i s   o n l y   s l i g h t l y   g r e a t e r   t h a n   t h e   c h o r d  
wid th   o f   t he  UH-1D b l a d e ( 2 1   i n c h e s ) .  The UH-1D r e s u l t ,  3s shown i n  t h e   f i g u r e ,  
a p p e a r s   t o   a g r e e  well w i t h   t h e   s u b j e c t i v e   a s s e s s m e n t s   o f   t h e   b l a d e   s l a p   n o i s e  

An e x a m i n a t i o n   o f   t h e   l i m i t e d  number  of r e s u l t s   s u g g e s t s   t h a t   a l t h o u g h   t h e  
b l a d e   s l a p   f a c t o r  i s  a p p r o p r i a t e   f o r   s i n g l e   r o t o r   h e l i c o p t e r s   w i t h  a low  number 
of b l a d e   ( 2   o r  3) a n d   t a n d e m   r o t o r   h e l i c o p t e r s  i t  i s  n o t   a p p l i c a b l e   t o   m u l t i -  
b l aded  (5  o r  m o r e )   s i n g l e   r o t o r   h e l i c o p t e r s .  I t  shoIJld  be  rememberedthat  the 
f a c t o r   a s s u m e s   n o t   o n l y   t h a t   b l a d e / v o r t e x   i n t e r a c t i o n   o c c u r s ,   b u t   t h a t  i t  o c c u r s  
i n   t h e  l ess  f avourab le   fo rm.  I t  c o u l d   b e   t h a t   t h e  wake d i s t o r t i o n  on s i n g l e  
r o t o r   h e l i c o p t e r s   w i t h  a l a r g e  number  of b l a d e s  i s  c o n s i d e r a b l y  l ess  t h a n  on 
t h o s e   w i t h ,   s a y ,  two b l a d e s ,   w i t h   t h e   r e s u l t s   t h a t   b l a d e / v o r t e x   i n t e r s e c t i o n  
i s  less  l i k e l y   t o   o c c u r .   U n t i l   f u r t h e r   d a t a   b e c o m e s   a v a i l a b l e  it i s  n o t ,  
h o w e v e r ,   p o s s i b l e   t o   d r a w   a n y   d e f i n i t e   c o n c l u s i o n s .  

9 EXPERIMENTAL  RESULTS AND FUTURE  REPORTS ON BLADE SLAP 

A s e c o n d   r e p o r t  on b l a d e   s l a p  i s  be ing   p repa red .   Th i s  w i l l  r e p o r t   t h e  



f u l l   s c a l e   f l i g h t t e s t s   a n d  model t e s t s  c a r r i e d   o u t   t o   d a t e .   I n   a d d i t i o n  it 
i s  hoped t o   i n c l u d e  some of  t h e   s u b j e c t i v e   e v a l u a t i o r s  o f  v a r i o u s   i m p u l s e  
s h a p e s   w h i c h   a r e   b e i n g   c o m p u t e d   a t   p r e s e n t   u n d e r   t h e   d i r e c t i o n  of Mr. C.G.Rice 
of  the   Audio logy   Group,   as  well a s   t h e   r e s u l t s  of some i n i t i a l   s t u d i e s  made 
a t   t h e  I.S.V.R. of t h e   s u b j e c t i v e   a s p e c t s   o f   b l a d e   s l a p .  

A r ev iew of  t h e   p o s s i b l e   m e t h o d s   o f   r e d u c i n g   b l a d e   s l a p  on h h l i c o p t e r s  
w i l l  a l s o   b e   i n c l u d e d .  
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APPENDIX A 

ACOIJSTIC THEORY 

1 A t h e o r y   h a s   b e e n   d e v e l o p e d   ( 1 9 )   f o r   t h e   n o i s e   p r o d u c e d  when a b l a d e  
passes   t h rough   an   impu l se  o r  g u s t   o f  known f o r m   a n d   p r o f i l e .   T h e   r o t o r   b l a d e  
i s  assumed t o  b e   r i g i d   a n d   n o t   t o   d e f l e c t  when p a s s i n g   t h r o u g h   t h e   g u s t .  F o r  
t h e   n o i s e   c a l c u l a t i o n s  it is t r e a t e d   a s  a % i n   p l a t e .  

L i g h t h i l l  (45) has  shown t h a t   t h e   p r e s s u r e   a t  a p o i n t   w h c s e   p o s i t i o n  
r e l a t i v e   t o  a p o i n t   d i p o l e   h a s   c o - o r d i n a t e s  x ( i  = 1 , 2 , 3 )   t a k e s   t h e   f o r m  i 

where Fi i s  t h e   f l u c t u a t i n g   f o r c e   a n d  r t h e   d i s t a n c e   o f   t h e   o b s e r v a t i o n   p o i n t  
f rom  the   sou rce .  

The second   t e rm  in   t he   p r io r   equa t ion   becomes   sma l l  when t h e   d i s t a n c e   f r o m  
t h e   p o i n t   t o   t h e   s o u r c e  r i s  much l a r g e r   t h a n  a t y p i c a l   w a v e l e n g t h   o f   t h e  s o u n d  
r a d i a t e d .   T h u s ,   f o r   t h e   " f a r   f i e l d " ,  

The l o a d i n g   p e r   u n i t   s p a n  L , on   , ?ach   sma l l   a r ea   o f   b l ade   can   be   a s sumed   t o   ac t  
a s  a p o i n t   d i p o l e   s c o ! ~ ~ t i c   s o u r c e ,   p r o v i d e d   t h e   c h o r d  i s  small   compared  with 
a wavelength.   Thus f o r  a sma l l   e l emen t  of  span 

S 

s o  t h a t   t h e   t o t a l   r a d i a t e d   n o i s e  i s  

I n   a d d i t i o n ,   i f   t h e   s p a n   l e n g t h   o v e r   w h i c h   t h e   g u s t   a c t s ,  (ro - r l ) ,  i s  

27 
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span  

a n d   t h e   f a c t o r   ( 1 / 4 T r )   ( x n / r )   i n   e q u a t i o n  (A) c a n   b e   r e p l a c e d  by  (1/4117) (x where r i s   t h e   d i s t a n c e  of the observation  point from the  mid-point 
o f n t h e   s p a n   l e n g t h   a n d  x i s  t h e   c o - o r d i n a t e   n c r m a l   t o   t h e   s p a n  a t  t h i s  
mid-poin t .  n 

The  mean r a d i a t e d   i n t e n s i t y ,  I i n  t h e   " f a r   f i e l d "  i s  

2 
I =  (P  -P*) 

a n d   t h e   t o t a l   r a d i a t e d   e n e r g y  W i s  t h e   s u r f a c e   i n t e g r a l  of t h e   i n t e n s i t y  
o v e r   t h e   s u r f a c e   o f  a l a r g e   s p h e r e .  It t h e r e f o r e   f o l l o w s   t h a t  S 

( r  - r,) 2 
0 
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Table 1 

W 
w 

I 

I 

I H e l i c o p t e r  

Bell: UH-1B 
UH- 1D 

, 

Sikorsky:  S58 
56 1 
S65 

Westland: Wasp/S.cout 

Wessex  2 8, 5 
Wessex 3 
Whirlwind 
Belvedere  

Boeing  Vertol :  V107 
Chinook 

Hiller: SL 4 
FH - 1100 

Hughes: OH - 6A 
269 A 

Karnan: K 20 
K 600 - 3 

No. o l  
Blade: 

2 
2 

4 
5 
6 

4 

4 
4 
3 

2 x 4  

2 x 3  
2 x 3  

2 
2 

4 
3 

4 
4 

Ro to r  Blade 
Chord 

28 ~ 16.4 
31 

26 36.1 
18.3 

15 10 .6~:  

28 

15.5  24.5 
16.4 26.5 
16.4 28 
16.4 

25 18 
30  25.3 

17.7 14 
17.7 10.2 

13.2 
6.8  12.7 
6.8 

" I A.U.W. ;, 
R o t o r  1 Tip  

, R.P.M. 1 Speed 
i 

8503 i 324 
9500 324  745 

13000 i 195 I 570 
19000 
35000 

5500 

12600 
13500 
8000 

19000 

19650 
33000 

3100 
2750 

2400 
1600 

22 21.6 8637 
23.5 1 15.7 1 5969 

I 

250 

264 
230 

370 
368 

470 
483 

277 
248 

203 650 
185 1 700 

400 1 670 

I 
J 

1 

1 
221 1 650 
228 I 670 
218 1 600 

- 

640 

6  90 
720 

6  90 
680 

650 
650 

640 
610 

Blade SI 

B.s.F.(P) 
" 

( x  lo7) 

2050 
23  10 

440 
650 

1298 

330 

6  25 
655 
370 
385 

8 20 
1740 

365 
285 

87 
78 

3 95 
150 

3 F a c t o r  

B.s.F.(E) 

( x  lo7)  

5.05 
5 a25 

1 .o 
1.48 
4.05 

0.44 

1.25 
1.27 
0.80 
0.78 

1.78 
5.02 

0.64 
0.36 

0.08 
0.069 

1.12 
0.32 

Very  loud 
Very  loud 

-* 
* 
t 

L i t t l e  s l a p  
a t   h i g h  
a l t i t u d e .  
S l i g h t  bangin! 
S l igh t   bang in !  
No s l a p  
No s l a p  

Loud 
Very  loud 

No s l a p  * 
* 
* 
* 
* 

I 



I con td .  

H e l i c o p t e r  
No. of 
Blades 

"I_ 

Lockheed: XH-51A 4 

M i l h a i l :  Mil 10 5 
w 
l b  

I 

I 

n-- i n s .  1 l b s .  

I7O5 I l2 1 
' 4700 

57.4 1 39 1 95790 

Table : 
c 

-. 

- 

I 

4 I r 
Rotor  

'peed T i p  1 B.s.F.(P) B.s.F.(E) Factor I S u b j e c t i v e  
Assessment 

120 720  5760  26.4 

Notes: 1. Deta i l s   o f   ro tor   parameters ,   speed   and  A.U.W. f o r   a l l   t h e   h e l i c o p t e r s   e x c e p t   t h e  Mil 10 
were  obtained  from 'VERTICAL WORLD June 1947. 
D e t a i l s   o f   t h e  Mil 10 were  obtained  from FLIGHT 23.3.67 

2. Information  f rom F.W. T a y l o r ' s   q u e s t i o n n a i r e / s u r v e y   g i v e n  i n  r e f e r e n c e  (14). * i n d i c a t e s  
t h a t   t h e r e  was n 3   s p e c i f i c   m e n t i o n   t o   t h e s e   h e l i c o p t e r s ,  + i n d i c a t e s   t h a t   t h e   h e l i c o p t e r  
was n o t  i n  s e r v i c e   a t   t h e   t i m e   o f   t h e   s u r v e y .  

3. Blade  Chord  Width a t   t i p .  
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Plate 1 . Photograph of Westland  Westminster showing t ra i led  vor t ices.  

IPHOTO: WESTLAND  HELICOPTERS  LTD 
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VELOCITY  PROFILE 

PATH 'B' 
"""" 

PATH 'A' "- """" 

PATH 'C' 
"""" 

FIG. 1. IDEALIZED BLADE VORTEX INTERSECTION. (REFERENCE 14) 
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FLIGHT SPEED 70 M.P. H .  
fi R .  408 #bet 

t 
I \ STALLED 
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TYPICAL BANG 

DURATION 

P 

0 

FlG.2 TYPICAL ANGLE-OF-ATTACK-CONTOUR 
FOR SINGLE ROTOR HELICOPTER. 
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SHAFT  INCLINATION. v \ 

\ 

Q 

h 
h 

( 180') ( 0°) 

a 

b 

I" 

FIG.3. VORTEX PATHS IN THE FORE-AND-AFT 
PLANE. (REFERENCE 25 ) 
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SPAN VIEW 

C- 1- BLADE CHORD 

."""_ """ 

FILAMENT i 

I 
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FlG.4. IDEALIZED BLADE VORTEX FILAMENT 
INTERSECTION 
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CORE DIAMVER 
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POTENTW 
, DrjTRlBJTION. '. / 

\DISTRIBUTION FOR 
Rw. FLUQ. 

FIG. 5. VELOCITY DISTRIBUTION THROUGH A 
VORTEX CORE. 
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FIG. 6. MEASURED VORTEX PROFILES. 
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VORTEX  CIRCULATION 7 
APPROX. VELOCITY  PROFILE7 

I /  

FlG.7-I VORTEX CORE A X I S  PARALLEL TO SPAN OF BLADE. 

" \ X I  \ 

I 
1 I 

1 
FIG.7-2 VORTEX CORE AXIS  PARALLEL  TO DIRECTION OF BLADE MOTION. 

I 
I 

flG.7-3. THEORETICAL  MODEL FOR CASE SHOWN IN F I G 7 2  

I. 

I 

FIG.7. BLADE VORTEX INTERSECTIONS. 
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TOTAL  LOAD  IN G (EQUATIONS 7.5 & 76)  

LOADING GIVEN BY 2"" TERM OF EOUATIONS 7.5 & 76 

LOADING  GIVEN BY Isf T E R M  OF EQUATIONS 35 b 36 ,' 
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FIG.10. BLADE LOADING FOR FIRST HARMONIC 



FIG. 1 1 .  BLADE LOADING. 
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0 UH-IB 
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WHIRLWIND 1 0 1  
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- I I 

NONE SLIGH T LOUD VERY LOUD 
BLADE SLAP RATING. 

FIG. 15. BLADE SLAP FACTOR  (POWER) vs. 
SUBJECTIVE ASSESSMENT. 
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